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Abstract — Concepts of turbulent flow control have become of growing importance during the last few 
years, following increased interest in the detailed structural scenario of turbulence — in particular our 
improved understanding of coherent structures on the one hand (the prerequisite), and a need for 
improvement of technological processes on the other (the goal). These considerations have mainly been 
followed by engineers and physicists concerned with problems in aerodynamics. It is our aim to draw the 
attention of a wider group of engineers to turbulent flow control in order to speed up the transfer of 
knowledge from aerodynamics to applications in other fields of engineering. 

In this paper an attempt is made to compile a major body of the available knowledge on flow control in 
separated and wall bounded turbulent flows. After a brief introduction of the basics of control theory 
(Section 2) and of the major flow structures and their stability characteristics (Section 3) free and wall 
bounded turbulent shear flows are discussed (Sections 4 and 5). This discussion summarizes the main 
relationships between structure and flow behaviour and shows possibilities of influencing properties of 
these flows such as increasing mixing or avoiding separation. 
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i. INTRODUCTION 

"it is my intention first to cite experience, then to demonstrate through reasoning why 
experience must operate in a given way" 

Leonardo da Vinci 

1.1. General Remarks 

Animals are the result of mjllejmiiLof optimization in natural 'design'. What makes them 
so perfectly adapted to their specific need is often a highly sophisticated control scheme, as 
we find it of equally high standard in birds as well as in fish— where the 'compliant wall — 
skin of the dolphin is a typical if popular example (Nachtigall, 1974). 

In fluid flows we distinguish between laminar and turbulent motion. Practically all 
technical and natural flows are turbulent, when exceeding a critical value of the character- 
izing Reynolds number Re = cl/\\ where c denotes a characteristic velocity, / stands for a 
characteristic dimension and v is the kinematic viscosity of the fluid. Natural flows range 
over many decades of scale in their Reynolds number. The turbulent flows of primary 
interest in this paper are flows with mean velocity gradients: the 'turbulent shear flows'. 

In the past decade the concept of turbulence had its 100th anniversary {Reynolds, 1883; 
Boussinesq, 1879): Osborne Reynolds provided the scientific basis for what he himself did 
not yet call 'turbulence and gave us a powerful tool to handle it: the treatment of the 
averaged quantities. Reynolds-averaging has since then dominated the way turbulence is 
looked at and as a negative consequence many features— most notably the coherent 
structures— have simply not been recognized as individual entities— a weakness of all 
statistical approaches. 

Present day knowledge about the origin, dynamics and topology of coherent structures— 
albeit still incomplete—provides a basis for their efficient and specific management and 
control. Earlier attempts on controlling certain flows— observed and reported already in 
the last century— remained incompletely understood and therefore failed to provide a 
Jreci^as to a general and applicable procedure. Only when Prandtl had presented his 
boundary layer theory at the beginning of this century was it possible to control separation 
and to explain the underlying mechanism. 
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1.2. Technological and Scientific Interests 
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To explore the possibilities of flow control has for a long time inspired and challenged the 
engineer as much as the scientist, and many classical examples may be quoted. The topic has 
lately received increased attention both because of technological demands— e.g. the control 
of separation, the improvement of combustion processes or suppression of aerodynamic 
noise— and also as the outcome and side benefit of the study of coherent structures, the 
stability of which appears to provide the most efficient handle for turbulence control. 

There is a large amount of literature dealing with specific control methods and ex- 
periments, among which there are a few surveys of a broader scope (e.g. Husain et a/., 1987; 
Fiedler et a/., 1988; Hussain and Husain, 1988; Zhou Ming De, 1988; Kibens, 1989). A 
general and comprehensive compilation and survey seems to be, however, so far missing. 

2. THE PRINCIPLE OF THE MATTER 

2.1. Basics of Control Theory 

For a clear semantic distinction ' management and control 1 seems to be a more adequate 
title for this suTveyiristead of just 'control', which is generally understood to be related to 
a dynamic process. Thus a splitter plate in the wake of a cylinder (to suppress vortex 
shedding) or a geometric constraint of a mixing layer flow may not be properly described by 
the term 'control* but rather by 'management'. 

Whatever name is chosen, however, there is no doubt as to the major issue: how to gain 
a lot from as little (input) as possible. 

According to the systematics of control theory we distinguish between two control 
principles (see e.g. DiStefano et a/., 1976): 

(a) open loop or "feedback 1 control a method of control, which necessitates external 
adjustments based on measurements of any kind, and 

(b) closed loop control, where the continuous adjustment is provided by an 'internal' 
control loop. 

In a closed loop or feedback control system the difference between the actual value of the 
controlled output and the desired value of that output is used to change the value of the 
input to the system in such a manner as to maintain the output as close as possible to a 
desired value. A special situation of (b) is when this control loop is 'unsta ble', i.e. when any 
deviation is amplified (a situation which in common understanding is known asjjeedback). 
A feedback situation, which may be external or internal, is characterized by thresh^l^an3 
saturation-levels and is — in general — a non-linear phenomenon. In more specific terms 
we call a situation where feedback signal and input signal are of opposite phase JJlggative^ 
(or degenera tive) feedback. If both signals- are of equal phase the feedback is positive 
(or regenerative). tir_ " 

According to the terminology of control theory the system consists of the plant (the 
controlled system), a measuring or monitoring system and a controller. Figure 1 shows 
block diagrams of the different control systems. 

Let us consider a plane mixing, layer (the PLANT), which— as is well known (see 
Section 5) — is easily controlled by periodic perturbations of appropriate frequency and 
amplitude. 

Open loop control is then applied by forcing the flow (via loudspeaker or other appropriate 
means - the CONTROLLER) with an independently adjusted external periodic signal 
from, say, a frequency generator. 

Closed loop control has various possibilities: 

(1) the frequency generator is controlled by some characteristic amplitude (e.g. the 
RMS-output) as obtained from the periodic fluctuations, measured at some station in 
the flow, or, 
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Fig. 1. Principles of control loops. (a, Open loop: lb) closed loop with characteristic equation for linear (feedback) 
system: (c| general feedback loop with gain relation. 



(2) the (filtered) output signal is directly used to drive (via amplifier) the forcing unit {the 
CONTROLLER). Adjustment is possible via the amplifier, by a time shift of the feedback 
signal, or by spatial shift of the location where the control signal is obtained. This is the case 
of an external direct feedback loop. 

Internal feedback can be provided by pressure waves or mechanical vibrations of the 
system. An obvious model relation then is— as has been proposed by various authors 
(e.g. Tarn, 1974; Laufer and Monkewitz, 1980: Rockwell, 1982; see also Raghu, 1987): 

L_ L n 

where L is a 'feedback-characteristic length, U p = phase velocity of the feedback wave in 
the flow (the *structure') t /= feedback frequency, a = velocity of sound (by which the wave 
is transported upstream) and n — I, 2, 3 representing the state of oscillation. 
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composed of thin (stretched) sheared layers. One might then think of exciting those wrapped 
layers with a frequency of, say, an order of magnitude above the basic excitation frequency, 
thereby enhancing the diffusion and the dissipation of the primary structures. Since, 
however these smaller layers are curved and their convection velocity is a function of their 
position,' it is not possible by simple means to impress on to them a constant frequency with 
constant wavelength, a necessary condition for receptivity. In addition these rolled up layers 
are stabilized by their curvature (higher velocity at larger radii of curvature). Thus no 
receptivity of the plane mixing layer of this kind is observed when forced at appropriately 
higher frequencies. 



CJ 
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2.3. Goals and Gains 
The purpose of control is two-fold: 

(1) it is a means to systematically analyze a given flow and its structures (i.e. to provide 
a better understanding), and . 

(2) to achieve-and this is the major goal-improvement of technical or technological 

processes or characteristics. 
The latter are readily summed up as: 

-increasing lift, reducing drag and avoiding separation-as in many engineering, 
particularly aeronautical or naval problems, # 

— increasing or reducing turbulent mixing-of paramount importance for all kinds of 
environmental aerodynamics, for heat and mass transfer (chemical engineering), and 
foremost for combustion in burners for heating, in aircraft jet engines and other 
internal combustion engines, 

-influencing pressure fluctuations, which is of importance in architectural and environ- 
mental aerodynamics, particularly with respect to reducing aerodynamic noise 
(aircraft-jet- and fan-rioise) 
—in flow control devices, of necessity in fluidic applications. 

Since control of turbulent flow is often synonymous with control of turbulent structures 
the question as to its efficiency may best be7n7w«ecT by looking at the major structural 
constituents and the.r specific role in the flow-^.g. large scale for noise production and 
small scale for mixing. Thus the problem reduces to the question of possible minimum and 
maximum states (saturation values of those structures), their specific stability (recept.v.ty) 
and their interaction. What can be accomplished depends on the role ohh^urture under 
control in the physical process. ThusWjx^ 
turbulence^y^^ 

large coherent structures. At the same time effects pf compvaW> magnitude.are observed m 
Wle ito^te Is aiirect consequence of the large scalesand their amalgamations! 
Major limitations' are provided by the fact that most control mechanisms affect the flow 
only in a limited spatial range, which is particularly true for evolving configurations like e.g^ 
the turbulent jet, which develops from a wall boundary layer first into a mixing layer and 
then into its final state. 
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3. WHAT MEANS DO WE COMMAND? — STRUCTURES AND THEIR 

SOFT SPOTS 

3.1. Major Structures and What They Stand For 

Up to the time when coherent structures were finally recognized the major problem in 
turbulence research was the definition of turbulence itself, which did not seem to permit a 
simple and unique answer. It was then-iuperseded by a new (pseudo-) problem concerning 
the essence of coherent structures. TKe^ery core of the problem is the impossibility of 
defining uniquely and stringently a varying, metamorpju^object— such as an evolving 
structure. Therefore a vague description as "tnTTraSiem^^ manifestation (in 

concentrated vorticity) of an instability mode" will have to do. To make matters worse there 
is usually more than just one structure which deserves the 'title' coherent. Turbulent flows 
may instead be characterized by coherent scenarios. 

It has been accepted that coherent structureTaTTresponsible for many characteristics of 
turbulent flow. They seem to be-on the other hand-easily influenced by outside 
conditions, thus lending themselves willingly to flow control. Indeed this is one of the most 
fascinating and complex aspects of the coherence-phenomenon. In view of the above 
'problem' we first have to ask ourselves, however, as to which of the recognizable coherent 
structures (or structural manifestations) are the important ones concerning a specific 
control aspect. Having decided this, the next question follows automatically: How can one 
influence, i.e. control it? 

^^^^^^^^^^^S^^^^^^^ ^^^^^ c ^^^ engineering processes, in 
mixinf-ancL combilsTOTrls^lscale) and in influencing drag and lift of airborne vehicles. 
Their effects have been a central object of research and increasing interest in recent years. 
However, it must be established that the structures to be influenced have a sufficient bearing 
on the dynamics of the flow considered. 



What fraction £ C /£ T of the total turbulent energy £ T is then to be attributed to the major 
(coherent) structures? An exact assessment of this quantity is practically impossible and f 
estimates will have to-sufficerTable~l presents typical~valuei: ^ 

On the basis of these data (for wall bounded flow we may assume fractions of the order of 
10% ) the idea of controlling turbulent flows via influencing their coherent structures seems 
promising. Are, however, these values as such meaningful? Indeed it is not primarily the f 
energy of the coherent structure that determines its importance, but rather its distributive \ 
actions and in particular the ratio of the Reynolds-shear-stresses (uv\ oh ^ nx /(uv') t t r \ 
which may reach values of up to 95% in the region of maximum structuraiyg^nizatioTof j 
an excited mixing layer (region II according to Oster and Wygnanski, 1982). ' 

Still, those figures seem to be of importance only in an indirect way. We find that a jet 
flow in still ambient fluid with relatively weak coherent content is— owing to its configura- 
tion--easily controlled by periodic excitation upmost spectacular^w^ys (see Lee and 
Reynolds, 1985). A wake on the other hand has a'nofabTv higher CS energy content, yet its 
controllability is— by comparison—limited. The major difference between those two flows -\ 
is in its convective characteristics. In a jet the convection is of the same order as its diffusion 
and highly dependent on the state of excitation. In the wake on the other hand, being a flow 
^defici^, the convection velocity of its structures in the far region is almost constant and large 
in comparison with its diffusion, which reduces its controllability. 



Table 1. Coherent Energy Contents of Basic Free Shear Flows 



plane mixing layer 
accelerated mixing layer 
near jet 

axisymmetric far-jet 
near wake 
plane Far- wake 



20% Ho and Huerre. 1984; Fiedler and Mensing, 1985 
> 25% Fiedler et ai, 1990 
50% Kibens. 1980 

10% Nieberle. 1985: Mumford. 1982 
25% Scholz, 1985 
20% other sources 



From Fiedler. 1988. 
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3.2. Structures and Stability 



Flow stability — and in particular the stability of the coherent structures — is obvious! y 
the key to control. It is responsible for such mechanisms as the laminar/turbulent transition, 
as well as for the origin (the creation) and to some extent the decay of structures by creatio n 
of smaller structures as a consequence of the instability of the former. We therefore 
distinguish between primary and secondary instability, which can manifest in various 
modes (denoted by numbers 0, 1, 2, . . . ). 

While the basic mechanism that leads to growth of perturbations may be one of many, 
a major and more general distinction in stability- behaviour, of particular importance for 
controllability, is provided by the temporal and spatial growth behaviour of the initial 
disturbances. We define (see also Drazin and Reid, 1981; Huerre and Monkewitz, 1985); 

A flow is considered absolutely unst able if the group velocity of any one pert 
frequency is less or equal to zero. In this case the amplitude of a given perturbation 
grows with time at any x-position in the flow. For convectively unstabl e flows all 
perturbation frequencies have positive group velocity. 

Thus, at a given x > x P , where x P defines the position where the perturbation is 
introduced, the perturbation wave will reach a finite amplitude for a finite time only. The 
following diagram— Fig. 3 — gives a graphical explanation. 

Huerre and Monkewitz (1990) have extended the scope of stability behaviour by 
introducing a distinction between local and global instability: 

Loso Unstability denotes the situation of instability of a local velocity profile (being 
usually a function of x), while in global instability the entire flow field is concerned. 

There are basic differences between those four conditions with respect to their control 
behaviour. Convectively unstable flows are characteristic of a frequency selective, non- 
linear amplifier. Accordingly they are sensitive to external forcing at a given frequency, 
while the amplifier characteristics themselves are modified by stationary boundary condi- 
tions. Absolutely unstable flows, which have an oscillator characteristic, are on the other 
hand comparatively resistant against external (periodic) forcing, being "self-excited flows" 
according to Koch (1985). Flows of this kind may be effectively influenced by minor changes 
introduced into the unstable flow regimes, as was demonstrated by Strykowski and 
Sreenivasan (1989) in the near wake behind a cylinder. 

Locally unstable flows may — by modifications of their boundary conditions — become 
globally unstable. Global instabilities are often indicative of a feedback situation. A control- 
relevant distinction in this context is whether the flow system behaves as an externally 
excitable amplifier or as an oscillator with characteristic global response. This question was 
looked into in detail by Monkewitz and Sohn (1986). 

Finally there are 'mixed* situations, where a flow has locally limited regions of absolute 
instability. Those may lead to a self excited global response in a way similar to that of 
feedback mechanisms. 



a) 
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b) 
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Fig. 3. Characteristics of wave propagation for absolute and convective instability, (a) Convective instability; 

(b) absolute instability. 
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F.c. 4. Examples from Tyndall's (1867) investigation of jets exposed to a sound field 
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A comprehensive summary of stability results as known for different kinds of shear flows 
is provided by Huerre and Monkewitz ( 1990)— see also Bechert (1985). Some of their results, 
being fundamental to the discussion of turbulence control, are presented in Table 2. 

Temporal development of the perturbation frequency amplitude is found in absolutely 
and in globally unstable flows. There is a more than superficial similarity between the 
behaviour of absolutely unstable flow scenarios and flows with (natural) feedback, as 
observed by Hilberg and Fiedler (1989)— see Section 4.3.3. Both situations show the 
characteristic transient behaviour as described below. However, transient times in true 
feedback cases are apparently shorter and the flow is more easily influenced by external 
forcing. 

In real flows the initially exponential growth is limited by non-linearities and a saturation 
amplitude is reached. This behaviour was first described by Landau (1966): For small times 
( the complex amplitude of a given perturbation of frequency to is described by 

/M0-e-"'-e- itu ", or ^- = 2 yi \A\\ 

which obviously is only the first term of a series. Expansion leads to 

This formula takes care of the characteristic saturation behaviour, where the asymptotic 
limiting value for the amplitude— reached after a characteristic transient time— is given by 

= 2Vi/»- 

While a is assumed to be a constant, y is— in the case of laminar/turbulent transition— a 
function of the Reynolds number 

Vl ^ (Re - Re cril ). 

When this relation is applied to a turbulent flow to describe the mechanism of a coherent 
structure formation we might write (with £ = eddy viscosity): 

y, ~~ (Re t - Re c crit ), which is constant for most flows. 

4. FREE TURBULENT SHEAR FLOWS 

We know of a few quite spectacular examples of dynamic flow control from the last 
century. The famous description by Tyndall (1864) relates to the observation by Leconte 
(1858) and extends it to show a multitude of surprising possibilities of acoustically 
influencing and modifying gaseous and liquid jets alike. Some examples are shown in Fig. 4. 

It was only after many years that the topic was then taken up again by Brown (1935), who 
undertook a thorough study of jet flow and its sensitivity to sound, observing, describing 

Fig. 16 




Fig. 4. Examples from Tyndall's ( 1 867) investigation of jets exposed to a sound field. 
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and explaining many of the spectacular consequences of sinusoidal excitation on jet flow, 
that were then again revisited and expanded upon some thirty years later. 

Early examples of control of wall bounded flows are Dubuat's (1779) paradox, Prandtl's 
(1914) trip wire, and the Coanda (1934) effect. 

Observation of nature may provide valuable inspiration and insight into flow control 
mechanisms. Nature has — over many millema of optimization — achieved and developed 
some amazingly elegant and efficient ways of flow control, the most widely known ones 
being the control of wing-flow of birds and the drag reduction mechanisms found with 
aquatic animals— particularly the dolphin and the shark. Some of the underlying principles 
are as yet still incompletely investigated and understood. 

In recent years the topic has again been revived for two reasons: It is on the one hand 
a scientifically logical extension of the coherent structures research of the last two decades, 
and on the other hand the economically driven need for improved technical processes 
wherever a turbulent flow is involved, as well as the ubiquitous necessity for reduced energy 
consumption (e.g. drag reduction — see Section 5), which has economical as much as 
ecological implications. 

In the following we shall discuss major developments of recent years in some depth. We 
shall— after a general introduction of the physical phenomena and principles involved — 
discuss specific flow scenarios in the light of their susceptibility to certain ways of control. 



4.1. Principles and Methods of Control 

A principal distinction regarding the controllability of free- and wall-bounded flows is 
derived from their different stability characteristics. While wall-bounded flows are 
Orr-Sommerfeld unstable, with viscosity playing a crucial role, free flows are in essence 
Rayleigh- (inflexion point-) unstable. There the (largely negligible) effect of viscosity is only 
of damping influence and the prime instability mechanism is by vortical induction. Flows 
dominated by this kind of instability tend to develop comparatively 'simple instability 
modes which to a considerable extent persist in the random-turbulent ambience, becoming 
prey of either mutual interaction or of secondary instabilities (pairing, tearing, wearing). 
" tfc ^nfrTe"primary instability modes of the turbulent flow are, in a convectively unstable 
situation, highly receptive to (external) periodic forcing, according to the individual growth 
rate vs Strouhal-number curves. This is the basis for dynamic control, leading to a Strouhal 
number classification, or characterization. Two kinds of Strouhal number are mostly used: 

(1) a local Strouhal number, and 

(2) an initial Strouhal number, used for describing special. locally limited, phenomena as 
e.g. the preferred mode. 

Examples for (1) as found in the literature are S H = 0/"L*. which is based on the 
momentum thickness of the local velocity profile 0. The Strouhal number most often used 
for characterizing and scaling the frequency selectivity with downstream position is, 
however. S v = xf L\ being typically of the order 1. It is proportional to 5 e . since 0 = 0( A' ). 
The reader is referred to Section 5.4.3. Initial Strouhal numbers are based on e.g. the initial 
momentum thickness of the velocity profile forming from the separated nozzle boundary 
layer 0 O . These Strouhal numbers are typically of the order 10" 2 to 10" l . Relevant 
(equivalent-) diameter-based Strouhal numbers S d are typically of the order I or less. For 
a given geometry and Reynolds number S# 0 ^ S d . 

Growth-rate characteristics on the other hand depend strongly on boundary condi- 
tions—a fact which accounts for certain aspectsjof static o r s tationaxv.cojUrol. 

Classical treatment of free shear flow of the boundary layer type is based on the 
phenomenological distinction between jet. wake and mixing layer flow. Jet and wake may, 
however, be considered as being of one family, distinguished only by different J^tjos^ of 
volume, ^.x^as is outlined in Fig. 5. Mixing layers, being the most basic^confTguration, are 
"if transient state for both jet and wake flows near their origin. 
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Fig. 5. A metamorphosis of jet and wake configurations based on the velocity (momentum-flux) ratio. First four 
configurations from top: jets; bottom: wake. 



Characteristic structural modules of all three flows are line-vortices in the plane 
configurations and ring-vortices in axisymmetric cases, with their characteristic secondary 
instabilities (Weske and Rankin, I960; Widnall and Sullivan, 1973; Widnall et a/., 1974; 
Schneider, 1980; Glezer, 1981). A module common to both configurations are longitudinal 
helices (Levich and Tsinober, 1983). 

As suggested above, we shall distinguish betweenjdynajnic and static control according to 
the followin g scheme: ^ ~— 

(a) \pynamic jontrolloi a turbulent flow is possible by periodic excitation at one or more 
frequencies with positive (amplitude) growth rate. The control behaviour is determined 
and characterized by the frequencies), the amplitude^), the phase position(s) and the 
waveform(s), which controls the content of higher harmonics. 

In his investigation of control possibilities of combustion and other related processes, 
Raghu (1987) suggests the following systematic: Control by periodic heat addition, by 
periodic momentum addition, by periodic mass addition and by combinations thereof. 

The physical mechanism of excitation is in the modification of the coherent structures. 
Thus excitation at Mow' frequencies (near the local characteristic passage frequency of the 
coherent structures) acts directly on their j^rer^the^ local 
increase and spread in the region of their formation and decrease in the stabilization range. 

Conversely, 'high' frequency forcing acts on the coherent structures of higher frequency 
and small dimension — i.e. those near the trailing edge (in any case upstream of the region to 
be influenced). There it causes either premature transition or at least fast growth with 
subsequent decay and onlyj££mgtm^^^ High frequency excitation is often applied 

where suppression of turbulence activity is asked for. 

The technical principle of producing and introducing periodic excitation (see Fig. 6) is 
based *on the modificatHmTdnhe" concenTrlTt^ edge, where 
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FIG. 6. Methods of jet excitation, (a) Speaker in plenum (Oth mode); (b) speakers at outside locations; (c) speakers 
at nozzle exit (various modes): (d) valve (Oth mode); (e) outside flap; (0 side jets. 

the receptivity of the flow is at its maximum. This is possibly done either by an active or 
passive mechanism. Active ways of excitation include 

—pressure waves by (i) acoustic means, e.g. a loudspeaker, which may be driven externally 
by a frequency generator, or by the flow itself, providing an external feedbadkjoop 
(Fiedler et a/., 1978), or (ii) by a jesonan ceniechanism within or e^oT^e-flS^' regime 
(e.g. the test section). The important paraTr^eTHKere is the fluctuating pressure gradient at 
the trailing edge, as was shown by Bechert and Michel (1975) (see also Morkovin and 
Paranjape, 1971). This investigation mayjerve as a basis for the proper setup of a 

JSH^^aker-excitati^ impinging flows-jets and 

{S»J$S^f£anous geometries-have been extensively discussed by WEtiSESStf 



- shedding7modulating of vorticity (mechanically activated ribbon or flap (see also 
Section 5.4.3), vibration (or rotation) of the trailing edge (nozzle); 

-Tollrnien/Schlichting (TS>-waves in the boundary layer of the 'splitter plate (nozzle) 
This constitutes an indirect method as was recently developed by Glezer (1986)— see also 
Neuwald (1990). , 

Passive ways of excitation are by 

—feedback or resonance (e.g. |iissam WJ1T^7; MonkewitzlillJ): 
-mechanical means which areiaivated by the flow itself-e. g ra self-oscillated vane as 
described by Fiedler and Korschelt (1979). 

The efficiency of excitation: 
—It is locally determined and limited by the saturation behaviour of the structures to be 

influenced, depending essentially on the amplitude and the mode of excitation frequency 
—The location of maximum excitation effect depends on the frequency (usually at larger x 

for lower frequencies), being a function of the characteristic frequency of the neutral flow 
-The-generally limited-local extent of the controlled region may be extended by 

excitation of more than one frequency. The effect depends then on the individual 

amplitudes of the two frequencies and on their phase relation. 
-Exciting a flow at certain (instability) modes or their combinations may produce special 

effects. 

Dynamic schemes appear to be.the classics in flow control. However, static methods have 
also become known, and thefDubuafs paradox-' was nothing else but the poorly understood 
consequence of a static control mechanism. Prandtls trip wire and Coandasjet deflection 
(following a modified boundary condition) are two other prominent examples. 
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(b) Static ('passive ) control is achieved by 

—modification of structural stability by stationary boundary conditions, e.g. 
—pressure gradients I transverse. longitudinal— see also Sections 5.2.2 and 5.2.3), 
—geometric distortion (continuous variation of the flow cross-section in downstream 
direction), 

—side and bottom wails (proximity of walls); 

—by introducing or causing structural instability and disruption of structures either by 
directly introducing three-dimensional vorticity at the trailing edge (upstream boundary 
conditions), or by selecting a trailing edge geometry whereby undulations of the 
dominant structures are triggered (see also Section 5.4.4). In both cascsthc production of 
streamwise vorticity is enhanced. Disruption or destruction of large scale structures is 
also possible directly by screens or gauzes in the flow. This possibility has been examined 
by— among others— Yajnik and Acharya (1988), Nieberle (1985) and Wygnanski et al 
(1979); a special case is the influencing of the laminar-turbulent transition, as e.g. by a 
trip-wire (Wygnanski and Fiedler, 1970). 

—by entrainment: direct influence is executed via the Coanda effect, i.e. when the 
entrainment is obstructed by the proximity of adjacent walls (this is not to be confused 
with the stability-modification due to wall proximity as noted above). Indirect influence 

J^nternaUontroO is provided by background turbulence according to its intensity and 
scaTTetc. (eTgTSymes and Fink, 1978; Dziomba, 1981; Tavoularis and Corrsin, 1981; 
Chandrsuda et al, 1978; Tanner, 1989). Increased turbulence level in the entrainment 
stream acts primarily as a destabilizing agent ( = noise) for the organized structures, 
causing overall increase of spread. Related is the aspect of 

—fluid characteristics, which in most applications will be introduced via entrainment. Here 
we might think of density or viscosity inhomogeneity (temperature, species), and finally of 
additives (polymers). 

The overall efficiency of static control methods is comparable to that of the dynamic 
methods, since in both cases the coherent structures are controlled and thereby modified. 
The.spatiaLextent-ofxontrol^^ 

control most of the flow exposed to them. Entrainment and fluid characteristics provide 
comparable (overall) effects. Upstream boundary conditions have a more limited, local 
effect. Often a combination of methods is successfully employed (as e.g. the periodic forcing 
of a three-dimensional jet or a distorted mixing layer. In this way it is often possible to 
increase the effect considerably. 

The above list might be further extended to include stratification and field forces 
(temperature, immiscible media, magnetic fields) and the like. We shall, however, restrict 
this survey to the more practical cases, where a sufficient body of information is already 
available. 

4.2. Jets 

Jet flow has probably been most studied as a ready object of control by external 
stimulation or manipulation (Kibens, 1989; Hussain and Husain. 1988). Like the wake, it is 
a flow of evolving characteristics, developing first into a mixing layer (from the boundary 
layer of the nozzle wall)— and after the eventual merging of the mixing layer(s) the true jet 
flow develops into its final state. It is then that for certain configurations (ambient flow at 
rest or with 'tailored* pressure gradient) self similarity develops. This is the case after, say, 70 
nozzle diameters in the axisymmetric configuration, and around 120 in the plane jet in still 
surroundings. As a consequence we find the flow to be dominated by different structures or 
structural modes, depending on the axial position we are looking at. 
^ S.Hsreptibility for control depends also on the ratio of jet velocity to ambient velocity, and 
the self-similarjet in stHi Surroundings provides the most convenient special case of highest 
instability and of highest priority for research. 

Traditional distinction in jet flow is made according to geometrical characteristics. 
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Fig. 7. Some basic jet configurations. 

In rising degree of complexity basic configurations are: plane-, radial-, axisymmetric-, 
co-axial-, three-dimensional- and confined jets, as depicted in Fig. 7. 

Jets can easily be controlled over a limited downstream length by various methods, e.g. by 
dynamic control, as by periodic forcing at one or more frequencies of the flow near the 
nozzle exit — with its characteristic manifestations of 'flapping*, ^blooming* and ;pu]satinj£; 
and by static control, which is essentially imposed onto the flow by the nozzle^eometry. 

Another possibility of exerting some influence on the flow behaviour is provided by the 
turbulence level of the primary stream. There are yet other possibilities of controlling the jet 
via its entrapment flow e.g. by a different density of the entrained medium. Jet development 
may be also influenced by a 'tailored' external flow (e.g. for a jet in a diffusor flow). Finally 
there is the control mechanism of additives, particularly in the primary stream. 

Many of these aspects have been investigated and a host of information is available. 
Essential for understanding of the observed phenomena are the basic stability character- 
istics, leading to the dominant structures — vortex rings, line vortices, single- and multi- 
helices etc., e.g. see Fiedler (1988). A great number of investigations, reported in the recent, 
say, two decades, have provided us with a relatively detailed picture of the coherent 
structures in the near-jet and in particular the characteristic phenomenon of the preferred 
mode (e.g. Crow and Champagne, 1971; Armstrong et a/., 1977; Peterson, 1978; Armstrong, 
1981; Eickhoff, 1982; Peterson and Samet, 1988; Gutmark and Ho, 1983, Nieberle, 1985). 

Owing to a higher degree of complexity and weaker structures, the picture is considerably 
less clear and detailed for the far-field of turbulent jets, as we find from the few investigations 
known (e.g. Tso, 1984; Tso et ai y 1980; Kumori and Ueda, 1985; Nieberle, 1985; Dimotakis 
et a/., 1982). 

Most studies were concerned with the axisymmetric jet. Less is known about the plane 
and little about the coaxial jet (Bremhorst and Watson, 1 98 l;Szajner and Turner, 1987). No 
structural investigation seems to have been devoted to the radial jet since Heskestad's ( 1 966) 
work. 

There is, on the other hand, increasing interest in three dimensional configurations, some 
of their characteristic structures and global manifestations will be discussed below in 
some depth. 

The primary stability behaviour of jets, as summarized by Michalke (1984), has been 
studied by a number of authors (e.g. Lessen and Paillet, 1976; Morris, 1976; Haertig, 1979; 
Plaschko, 1979; Bejan, 1981; Michalke and Hermann, 1982; Morris, 1983). 
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A ^homogeneous jet is a purely conveclivcly unstable flow (see Table 2). Exceptions, where 
absolute instability is observed, may. however, turn up in the pre.s^nce of density in- 
homogeneities I when the jet has lower density than the ambient fluici- see Mo^nYewitzVf af 
( 1 989Tan'd RUghTi et al ( 1 990) ). 

Special stability aspects of wave jn^ejuiaip^^ were investigated and 

discussed by Kelly 11967). CoEen and Wygnanski (1987a,b), Mankbady (1984) and 
Paschereit and Wygnanski (1989); of absolute instability by Huerre and Monkewitz (1985, 
1990), of secondary instability of large structures by Widnall and Sullivan (1973), Schneider 
U980) and Glezer (1981), and of feedback by Fiedler et al (1978), Laufer and Monkewitz 

(1980) , Koch (1985), Reisenthel (1988) and Monkewitz (1989). 

Basic and general aspects of jet flow were discussed e.g. by Wille (1963), and— 
summarizing— by Abramovich (1963) and by Rajaratnam (1976). 

4.2.1. Major Configurations 

The jet is— as has already been pointed out— an evolving flow. Of dominant practical 
relevance and interest for most cases is the region near the nozzle exit (the 'near region'), and 
the majority of investigations have indeed been devoted to this part of the flow, which is 
strictly not a jet but a mixing layer. 

Discussions of n^n-stationary jetsjpf a more generaljcind have been presented by e.g. 
Binder et al (1971), Bofisov anJGynkTna ^'(l^^rBremhorst (1979), Favre-Marinet et al 

(1981) , Hussain and Husain (1988), Kato et al (1987), Kozlov et al (1989), Stone and 
McKinzie (1984), Kibens ( 1989), Gutmark et al (1986), McCormack and Cochran (1966), 
McCrosbey (1977), Platzer et al (1978) and Hill and Jenkins (1976). 

There are many applications of jet control, the most obvious ones are in combustion, 
fluidics, noise control, thrust control, mixing and entrapment enhancement (ejectors) 
and for continuous lasers. Some of them are discussed by Peters and Williams (1981), 
Ramachandran et al (1989). Crighton (1981). Michalke (1978), Mollo-Christensen ( 1967)! 
Bechert and Pfizenmaier (1976). Kibens (1980 ), Laufer and Ta-Chun ( 1983) RofTman and 
Toda (1969), Norum (1982). Guicking ( 1988) and Gutmark et al (1986). 

Specific investigations and their major outcome are summarized in the following, where 
distinction is drawn according to the control method employed. 

4.2.2. Periodic Farciny- the Established Method of Active Control 

Jets of various configuration have been exposed to periodic forcing of a single frequency 
or multiple frequencies with obvious manifestations. As was mentioned earlier, the first 
scientifically documented research in this subject was by Tyndall (1867) (see Fig. 4). He 
described a host of spectacular phenomena for gaseous and liquid jets of v arious configura- 
tions with mostly axisymmetrie or three-dimensional jet geometry. Later. Brown in 1935 
investigated the excited plane jet. and already by then most phenomena which we know 
today were observed and documented. 

The topic was re-visited in the late 1960s and since then a large number of detailed results 
have been uncovered for two-dimensional, three-dimensional and co-axial jets under single- 
and (later) multiple-frequency excitation (e.g. Goldschmidt and Kaiser, 1971; Korschelt. 
1980: Fiedler and Korschelt. 1979: Favre-Marinet et al. 1981; Morkovin and Paranjape. 
1971; Rockwell, 1971; Bradshaw. 1972; Bernal and Sarohia. 1984; Binder and Favre- 
Marinet. 1981; Binders al. 1971; Rockwell. 1972; Goldschmidt and Bradshaw. 1972; Weir 
and Bradshaw. 1975; Lee and Reynolds. 1985; Vlasov and Ginevsky. 1967. 1976; Nieberle, 
1987; Paschereit and Wygnanski. 1989; Monkewitz et aL 1989; Raghu et al. 1990; Vlasov, 
1965; Breidenthal. 1986; RotTmann and Toda. 1969; Ahuja et al. 1982; Bremhorst and 
Harch. 1979: Bremhorst and Hollis, 1988; Hasan and Hussain, 1982; Hussain and Zaman, 
1977; Kondratiev and Rimski-Korsakov, 1971; Lee and Reynolds. 1985; Lepicowsky et al, 
1984: Vlasov and Ginevskiy, 1967, 1976; Zaman and Hussain. 1982; Szajner and Turner, 
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1986; Wille. 1963; Vagr, 1969; Platzer et 1978; Reisenthel, 1988; Wille, 1963; 
Raman, 1976). 

The strongest effect of periodic excitation is in the region where the forcing frequency is 
equal to (or slightly upstream of) the natural (characteristic) frequency of the neutral flow. 
In the near (core-) region two modes dominate the flow: the mixing layer mode— with 
/ml ^ and the 'preferred mode* with f m = const 

The particular aspect of the^preFerred mode was introduced by Crow and Champagne 
(1971) and later reviewed by Gutmark and Ho (1983), who compiled results from many 
authors for plane and axisymmetric flows. This mode, which is observed over the full length 
of the core region is characterized by a Strouhal number of 

0.25 < St d =f m d/U 0 < 0.5, (for elliptic jets d = <* eqtt w„e»,,h y dr.uiic). 

It was only recently again discussed and explained by Wygnanski and Petersen (1987) 
and Petersen and Samet (1988), who suggest the preferred mode to be simply the 
characteristic instability frequency at the end of the core, i.e. at the merging of the mixing 
layers). Two possible explanations for the disturbing wide variation of the values as 
obtained by several authors are offered; (1) The confidence interval of the spectral estimate 
and (2) the effect of initial (i.e. upstream boundary-) conditions. But there might even be a 
third possibility; The various measurements reported have been done in different velocities 
and geometries. Assuming the preferred mode to be a feedback effect of (a multiple of) the 
shear layer mode at the end of the core, then this feedback frequency would have to depend 
also on the flow's (usually neglected) Mach number, which then might account for part of 
the scatter. 

The major points of periodic control are summarized in the following. Most of the more 
general aspects are equally valid for wake- and mixing layer control as discussed below. 

Choice of frequency (f&ngeJ^Fm turbulent flows at high Reynolds number are charac- 
terized by the so called/Reynolds siSflant>^.e. their dependence on a characteristic length 
/* and a characteristic vetocity-c^ohly; which may be obtained from the local velocity 
profile (e.g. its width and its maximum velocity). Those two parameters define a character- 
istic frequency f c - c*//*, the true value of which is usually determined from the frequency 
maximum of the lateral fluctuations (preferably). 

The jet is— as are all developing flows— frequency selective and maximum excitation 
effect is near (usually 10-20% downstream of) the x-position, where the characteristic 
frequency (maximum) of the flow corresponds to the frequency of excitation. For the near 
region this corresponds to a Strouhal number range of 0.2 < S d =fd/U 0 ^ 0.6. In decaying 
flows the characteristic frequency decreases downstream, typically as f - 1/x for the near 
region (mixing layer) and for the axisymmetric far-jet, and as f - 1/^/x for the plane far-jet. 
Excitation at high frequencies (in the range of 1 < S < 5, or— as suggested by Zaman and 
Hussain (1981) — 5 e = 0//(/ o ^ 0.017, where 0 = local momentum thickness of the mean 
velocity profile) therefore causes struct ural stabiliza tion near the nozzle — or premature 
transition in the case of laminar flow— with little jpcal effect^ but which is followed, 
however, by a region of reduced turbulence intensity of long persistence. This "dual nature 
of acoustic effect on free turbulent jets" as described by Vlasov and Ginevsky (1967 and 
1976) was not confirmed, however, by Goldschmidt and Kaiser (1971). 

Choice of amplitude: Apparently the mean velocity profile of a turbulent flow fol- 
lows similar stability criteria as does the laminar one. In most cases low amplitudes (order 
< 1%) are usually needed to achieve stabilization of the structures together with appre- 
ciable local increase in mixing and spread. With further increase of driving amplitudes the 
flow reacts in a non-linear way, reaching a saturation value for the periodic constituent, 
which is accompanied by reduction of the stochastic fluctuation intensity, the amplitude of 
which is correlated with the phase position of the periodic. The jc- position of the locus of 
maximum energy of the periodic fluctuation content is weakly influenced by the excitation 
amplitude, reaching its highest upstream position at saturation. Situations with extreme 
amplitudes are described by Bernal and Sarohia (1984), Bremhorst and Harch (1979) and 
Bremhorst and Hollis (1988). 
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Locution of maximum receptivity: Maximum receptivity for periodic excitation is deter- 
mined by two parameters: ( 1 ) The position where the mean velocity profile is most unstable. - 
The mean velocity profile of a separating flow immediately at or downstream of the trailing 
edge (nozzle) is still very much a wall boundary layer profile. It needs a certain time to 
develop into the more unstable 'free* profile (see Michalke (1970) and (2) where a given 
s "; (absolute) perturbation provides maximum relative perturbation. This is the case for 
j .^injmum profile thickness as compared to the amplitude of forcing. 

It is for these two reasons that maximum receptivity of a separating flow is always near 
(order of the boundary layer thickness) to the trailing edge. 

Waveform: The specific waveform chosen for excitation (sinusoidal wave, square wave 
etc.) determines the content of higher harmonics. No systematic investigation of the effects 
involved seem to have been done on a general scale. Investigations of two-frequency forcing 
are discussed under resonance and feedback (below). 

Modes: Jet flow is unstable for different instability modes (see e.g. Michalke, 1984; 
Michalke and Hermann, 1982). Excitation of those modes has different consequences for the 
(local) flow development, both in amplitude and in appearance. In a plane jet the sinuous 
mode—leading to je^flapjrinjg^-is considerably more dominant than thev aricose o ne. In 
the axisymmetric jet on the other hand the development of an infinite nurnber of azimuth al 
modes is possible (with dominating 0 and — further downstream — 1st mode), permitting 
a much greater variety of control (Wygnanski and Petersen, 1985). 

Mach number: While some authors claim that there is negligible influence of Mach 
number on the development of coherent structures in an axisymmetric jet (e.g. Armstrong, 
1981), the high speed jet appears to be somewhat less excitable than low Mach number jets. 
This peculiar behaviour seems to be unresolved as of yet (Ahuja et al (1986)). 

Let us look at some typical manifestations of active control. Major effects of jet-flow 
excitation with a single frequency are a notable increase of the overall spread, the extent of 
which is locally limited, depending on the variation of the characteristic frequency 
L ^ (^mai + ^min)/© with x and on the excitation amplitude. Thus the range of influence 
will strongly depend on the external flow condition and may indeed stretch over a long 
distance. This distance can be effectively extended by double-frequenc y forcing. Associated 
with the widening of the flow are a high coherence of the large scale structures and an 
increase of the overall turbulence intensity, which is primarily a consequence of the large 
periodic signal content. Under certain circumstances, broadband amplification of the 
radiated noise from a round jet is found as a consequence of pure tone excitation (Bechert 
and Pfizenmaier, 1976). Cancellation of pure tones in excited jets is on the other hand also 
possible, as was shown by Arbey and Ffowcs-Williams ( 1 984) (see also Hussain and Zaman, 
1980). According to Crighton (1981) there are two different kinds of jet response to periodic 
forcing at a Strouhal number of S d ^ 0.5, depending on the value of the Reynolds number 
Re d = U 0 d'v. Amplification at the excitation frequency is accompanied by suppression of 
the broad band spectrum for Re A < 10 s and an initially laminar mixing layer. Broad band 
excitation is, on the other hand, observed for Re d > 10 s and an initially turbulent mixing layer. 

Forcing the jet in certain mode combinations (Wygnanski and Petersen, 1985; Paschereit 
et al, 1989) or introducing the perturbation in a three-dimensional configuration (Glezer, 
1990) may cause a local re-shaping (e.g.,squaring) of the jet's cross section, resulting in local 
enhancement of small scale mixing and then to tiltingj>f the jet's axis (see under upstream 
boundary conditions). Modification of the meanTfow of a jet by excitation in two modes was 
first shown and theoretically proven by Cohen and Wygnanski (1987). They showed how to 
produce elliptical or triangular jets out of circular nozzles. Paschereit et al (1990) have 
demonstrated that by exciting the axisymmetrical jet with modes 1 and 2 a triangular 
deformation of the cross section can be achieved, where small scale- (high diffusive-) 
turbulence is particularly produced in the corners. This is clearly obvious from the schlieren 
photograph shown in Fig. 8, which was obtained in a jet with exit velocity of 1.5 m/sec and 
excitation frequency of 32 Hz, corresponding to a Strouhal number of S d ^ 1. 

Certainly the most spectacular effects of periodic excitation on axisymmetric jets were 
reported by Lee and Reynolds (1985) — some characteristic examples are shown in Fig. 9. 
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Fig. 8. Schlieren photograph of axisymmetric jet cross section near the nozzle excit. Excitation by the two 

frequency modes t and 2. 

When the flow was forced by a combination of (fixed amplitude) axial (17%) and orbital 
(4% nozzle tilt) excitation, they observed two different developments, depending on the 
ratio F of axial and orbital frequency. Bifurcation (i.e. splitting into two individual jets) of 
the flow was found for F = 2, trifurcation for F = 3 etc., while for non-integer ratios of F the 
jet was aptly described as blooming (see also Fig. 4). In all cases molecular mixing was found 
to be enhanced. Bi- or trifurcating jets eventually develop as individual jets in the far field, 
their enclosed angle (as for the blooming configuration), depending on the axial Strouhal 
number, was found to reach values of 80 (see also Parekh et a/., 1988). Complete 
termination of a round jet by axisymmetric deflection jet can be achieved by specially 
shaped nozzles with boundary layer injection causing strong Coanda effect (see Reynolds 
and Juvet, 1990). 

Compared to this multitude of control possibilities in axisvmmetnc turbulence — owing 
to the multitude of instability modes there is only the modest choice between the varicose 
and the sinuous modes for plane jet control, of which only the latter shows sufficient 
receptivity. Local increase of spread by up to around 100% was observed for relatively high 
excitation amplitudes of - 2.5 U .» by Korschclt (1980). The situation is characterized by a 
stepwise widening of the jet over a relatively short downstream region Ax ^ x, (x, defines 
the beginning of the excited region). The position of maximum periodicity in the excited jet 
follows the Strouhal relation S A . S = / t (\> - v u | u m ^ 1, where/ t = excitation frequency and 
the Strouhal index v s stands for^^u^ation position^ 

Another interesting phenomenon is the different location of maximum periodicity 
(different values for the Strouhal number), as determined by the correlation between the 
driving signal and the local flow signal for the lateral fluctuation (i ') and the (passive scalar-) 
temperature signal (F), as shown in Fig. 10 together with the longitudinal development of 
Reynolds stress maxima. 

Other efficient ways and methods of influencing the behaviour of a turbulent jet are 
provided by passive control. 






(c) 

Fig. 9. Manifestations or axisymmctric jet forcing (after Lee and Reynolds, 1985). (a) Succession of ring vortices 
near nozzle in double mode excitation; (b) locations of vortices in the blooming jet; |c> vortex arrangement in the 
bifurcating jet; <d> a smoke photograph of the bifurcating jet. 



4.2.3. Passive Control 

Upstream boundary conditions: Modifying the upstream boundary conditions of a jet 
provides the easiest way to passive flow control (see e.g. Schneider, I^Jtjuznetsov and 
, Munin, 1982). Significant effects are by necessity limited to the^airTerre^rD e. the first, 

r sa£jOieq^ equivalent dia me ters"are defined by expressing 

the nozzle exit area by an equivalent circular area). 

The most fundamental control item is the state of the separating nozzle-wall boundary 
layer. Its influence was first investigated by Bradshaw { 1966) and later by Hill and Jenkins 
(1976), Hussain and Clark (1977) and Husain and Hussain ( 1979). They found its influence 
restricted to the range of thejmixing _ laycr^lLe., tjic J^'s^Qtc j:egionK accompanied by a shift 
of the virtual origin. — 

Earliest attempts to interfere with the jet's dynamics in the near region were made nearly 
% fyfyW* 40 vears a g°> when lobed jet-engine nozzles were first used in the attempt to suppress or 
i > ' \ reduce jet noise. The underlying physical idea was that this corrugation may lead to an early 

n J *ty» breakup of the large scale (ring-) vortices— the major sources of aerodynamic noise. Since 



326 



H. F. Fif.dler and H.-H. Fernholz 




f(Hz) 
— 80 * 



20 x 10 - 



— 70 

— 60 

— 50 



10 - 



o Positions of R v v ^ 

• Positions of R T . T - m 

& Lock-in distancgs 
for disturbed flow 

■A- 



■ 15 




20 30 40 50 60 70 80 90 100 

o (xt 0 )f E 



10 20 30 40 50 60 70 80 90 100 
(x-* o )/d 



(b) 



(C) 



Fig, 10. Characteristics of plane jet forcing (after Korschelt. 1981). (a) Smoke photograph of the excited jet; 
(b) characteristics of excitation; (c| axial development of velocity parameters in excited jet. 



this concept appeared to be successful to some extent, a number of basic investigations on 
three dimensional jet configurations were carried out with the aims somewhat shifted, 
particularly towards increasing small scale mixing for improved combustion. 

A major body of investigations were reported on jets from elliptic nozzles (Fujii et ai t 
1981; Gutmark and Ho, 1986; Ho and Gutmark, 1982, 1987; Husain and Hussain, 1983; 
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Schadow et aL 1986), on triangular jets (Schadow et aL 1988), on square- (Quinn et aL 
1985; Quinn and Militzer, 1988), on rectangular jets (Ukhanova and Voitovich, 1984^ 
Krothapalh et aL 1981; Trentacoste and Sforza, 1967), and finally on multiple nozzle-jets 
(Krotapallief aL 1979). 
The essence of all findings is that the large (coherent) scales are broken up owing to their 
^^D-Pi^lS!?' which— being inversely proportional to the radius of curvature of the vortex j 
/J2S51551— in anv non-circular geometry causes a non-planar, i.e. three^imensionairdevel- ! 
opment, followed by locally increased mixing and frequent break-up and re-connection of 
the vortex filaments (the so called "cut and connect" phenomenon— as described by 
Hussam et al (1986)). What leads to the production of small scales from large scale vortices 
is in a generic sequence^ 1 ) perturbation of the basic vortex (wave), (2) corner formation, 
and (3) filamentation, which is finally responsible for the ipiaJi^calei^ Mixing is J ^ 
therefore controlled by any kind of perturbation of the basic wave, as was numerically ' / ^ 
$c\^- investigated by Zabusky et ai (1990). ; . 

A particularly clear situation is found with the small-aspect ratio elliptic jet. This provides r \ 
an effective way to increase the overall entrapment as compared with the circular jet by l,i 
N factors in excess of two, where the major increase is on the 'long' sides of the elliptic cross 

section of the flow. Optimum values of nozzle aspect ratios are between 2 : 1 and 3 : 1. Elliptic f " ) 
ring vortices, as they form near the nozzle exit (0 mode) are an unstable configuration. They " 

thereby switching their major axes consecutively, as was 
theoretically shown by Dhanak and De Bernardinis (1981). As a consequence the elliptical 
jet's cross section also switches axes, becoming only gradually axisymmetric (for 
x/d > 50)— a fate which all three-dimensional configurations eventually share. 
. Three-dimensionalization is particularly strong in jets issuing from cornered (polygonal) \"1 

t nozzles. High instability modes are introduced in those corners, leading to early vortex 






Fig. 11. Ring-vortex development from three-dimensional nozzles: Top: from an elliptical nozzle; middle: from a 
rectangular nozzle — showing cut and connect behaviour at the corners, leading to rapid diffusion; bottom: from 

triangular nozzle. 
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breakup and increase of highly turbulent small scale eddies. In this way selective control of 
flow coherence is possible and thereby enhancement of fine scale mixing at pre-determined 
locations. Characteristic three-dimensional vortex developments are sketched in Fig. 1 1 
together with the cut and connect mechanism. 

Wlezien and Kibens (1984) looked into the particularly interesting configuration of jets 
with indeterminate origins, which are produced by round nozzles with exit sections which 
are either stepped or at an angle less than 90° to the flow direction. It was found that the 
mean flowfield is significantly modified for the case where the shear layer thicknesses are 
large compared to the nozzle diameter. The dominant shear layer scales are determined by 
the local distance from the nozzle lip. The phenomenon of self excitation is also observed, 
resulting in augmentation of shear layer growth. This is achieved by excitation of the 
instabilities of those parts of the shear layer which begin further downstream by those which 
have developed earlier. Control is thus established by modifying the azimuthal distribution 
of energy in the shear layer instability modes. The directional nature of mixing augmenta- 
tion may have an application to jet noise and combustion alike. 

The response of three-dimensional jets to periodic excitation was found to be even 
stronger than in the axisymmetric case. This situation has been looked into by Gutmark 
and Ho (1986) for high forcing amplitudes of 5% U 0 (0 mode) of a 2: 1 aspect ratio jet. The 
initial, most amplified, frequency f 0 was— as in the axisymmetric case— determined by a 
Strouhal number S = d c f 0 /U 0 * 0.8, with d c the equivalent nozzle diameter (see also 
Husain and Hussain, 1983). Vortex merging, which is observed in the potential core region 
at high forcing frequencies (/ e = 0.65 / 0 ) can be suppressed by low frequency forcing (/ e 
= 0.45 f 0 ). Thus the degree of deformation of the coherent vortices may indeed be 
effectively controlled. Husain and Hussain (1983) presented measurements of the excited 
elliptical jet with aspect ratios of 2:1 and 4:1. They measured supression of axial 
fluctuations in the Strouhal range of 0.01 < S e < 0.02 IS* = Strouhal number based on the 
exit boundary layer momentum thickness 0). Maximum increases of the jet cross-sectional 
area were found to be around 150% for the 2: 1 nozzle and as much as 190% for the 4: 1 
nozzle at x/de when (high amplitude-) forcing at the preferred mode (S de * 0.4) was applied. 

Controlled excitation of non-circular jets of geometries other than elliptic (e.g. square, 
triangle, rectangle with two aspect ratios) was also studied by Toyoda (1990), who applied' 
preferred-mode- fStrouhal-number S = 0.4) and pairing-mode- (Strouhal-number 5 = 0.85) 
excitation from a loudspeaker in the plenum chamber. Most significant enhancement of 
mixing was observed for the rectangular jet of aspect ratio 2 at pairing excitation. Glezer 
(1990) on the other hand applied different forcing modes and different (high) amplitude 
ratios at the exit of a square jet, using piezo-electrically driven 'flappers'. This opens 
possibilities to almost shape the jet's cross section and thereby its local diffusivity to any 
measure desired as well as to bend the jet axis by local modification of the entrainment flux. 

Finally we must mention the non-stationary jet described by Breidenthal (1986). It shows 
reduced entrainment as compared with the stationary jet (see also Kato et aL mi- 
Bremhorst and Hollis, 1988). 

( Side- } boundary conditions, pressure gradients: Boundary conditions and their effect on 
turbulent jets do not seem to have attracted many researchers for systematic investigations. 
The same appears to be true for distortion of the jet's cross section, as e.g. for jets in a finite 
space of varying geometry. There is, however, one observation of importance: Giger (1987) 
described the amazing two-dimensionalization of the large coherent structures in a plane jet 
of small aspect ratio (plane jet in shallow water) as a consequence of secondary motions 
induced by the (limiting) side walls. This situation is often found in river junctions. Given a 
jet of transverse width H ( = water depth), he defines a near field x/H < 2, a central field 
2 < x/H < 13 and a far field beyond. While the near field is characterized by the classical jet 
behaviour, the central field is dominated by three-dimensional small scale turbulence. The 
far field finally shows strong meandering of the flow, caused by alternating, two-dimen- 
sional vortices, which are described by a Strouhal number S = fb/U m % 0.1, where b = local 
half velocity width and U m = mean velocity on the jet axis. 

Questions of resonance and feedback have only recently attracted scientific curiosity: The 
term 'resonance* is often used in two different contexts with different meanings: The classical 
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use of the resonance concept implies the existence of an elastic system, capable of 
performing vibrations when continuously driven . Jets displaying resonant phenomena of 
this kind are usually of the confined or impinging kind (Gutmark et a/., 1978; Rockwell and 
Schachenmann, 1980; Rockwell and Naudascher, 1979). 

In most cases, the phenomenon can be re-traced to a feedback mechanism, which seems 
to occur also in infinite jet flow (Laufer and Monkewitz, 1980; Hasan and Hussain, 1982) In 
the latter work it was shown that the self excited axisymmetric jet, driven by a whistler 
nozzle, has considerably larger fluctuation intensities in the near field than are common for 
the natural jet (up to about 50%-^Iepending on the whistler geometry). This is also true 
for the spread and the mean velocity decay, which was observed even as far downstream 
as x/d - 50. 

The resonant flapping of the plane jet in the initial region, as reported by Goldschmidt 
and Bradshaw (1972) and Weir and Bradshaw (1975) on the other hand appears to be a 
consequence ^ninjentwnaj^spurious forcing from the facility or the blower, as could be 
shown by Fiedler and Korschelt (1979). 

The other meaning of 'resonance* refers to the energy transfer between the basic and the 
subharmonic waves in a jet. This may occur whenever the excited waves are non-disDersjyg 
Depending on the overall forcing level the initial phase difference StwwFtnT^To waves* 
may either suppress the resonance mechanism or have no influence. The phenomenon 
of subharmonic resonance may considerably increase the control range (Cohen 
and Wygnanski, 1987; Paschereit and Wygnanski, t989; Mankbadi, 1984; Husain and 
Hussain, 1989). 

Field effects/initial turbulence: Vagt (1969) has investigated the influence of turbulence in 
the primary flow on the development of a jet (see also Wille, 1963). He found the jet's 
development essentially unchanged, the only significant effect appeared to be a reduction of 
core length (i.e. an upstream shift of the virtual origin) with increased turbulence level, 
owing to the typical increase of shear layer spread for turbulent entrained flow. Virtually the 
same observations were made by Kleis and Foss (1974) and by Flora and Goldschmidt 
(1969). No substantialeffect of the scaleo fjjie initial [ nirjiujenre was observed. Investiga 
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tions on the influence oTexternalturbuIence for jets in moving streams are not known to the 
authors. We may assume that again the turbulence in the entrained fluid accounts for an 
increase of spread (see also Tanner, 1989). 

Field effects/density inhomogeneities: The effect of density inhomogeneities in turbulent 
shear flows is of some technical significance, particularly for heated jets, or jets of gases 
different from their ambient gas (e.g. in burners). Early studies have provided certain 
Vecipes; to handle the effects in a global way. e.g. by defining an equivalent, density-ratio 
dependent nozzle diameter d e = t/(>y ,>,>)' 1 as suggested by Thring and Newby (1952). 
Other investigations are by Corrsin and Uberoi (1949). v. Ohain (1944) and Eickhoff( 1 982), 
the latter being particularly concerned with the jet flame, where, as a consequence of the 
strong heat release, the coherent structures appear to be noticeably strengthened. 

Because of the strong entrainment in a jet, density differences are fast equalized, being of 
significance only in the near flow field, i.e. in the core region. 

Density inhomogeneities may, however, give rise to yet another, much more dramatic, 
effect: under certain conditions inhomogeneous or heated jet flow may develop a region of 
global instability (see Section 3.2), as was investigated by Monkewitz et al (1989). Theoret- 
ically this condition is expected for density ratios ,> jeI /> IIBb . nl < 0.72 (under conditions of 
zero Mach number and infinite Froude number): in the experiment it occurs at a value of 
0.69. In the absolutely unstable flow the near region is dominated by a single, self sustained 
frequency, corresponding to a Strouhal number of S = 0.44-O.47. This is accompanied by 
strong non-linear local growth of the flow. Closer (stroboscope) inspection then revealed 
the formation of single ring vortices of high instarSnit^ln^tTng as it were side jets in a 
radial direction, which accounts for the apparent step-like growth of the flowTs seen from 
visualization. Those side jets were conjectured by the first autfior to be the consequence of 
self propelled small secondary ring vortices having separated from the highly distorted 
primary ring vortices ("cut and connect mechanism'*). Proof for this model was indeed only 
recently provided by l^Mras et ai (1990) on The basis of flow visualization. 
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This growth is found in the temperature profiles, but not. however, in the velocity profiles, 
which show only a modest variation of growth when compared to the cold jet. Two 
characteristic smoke photographs — » longitudinal section and a cross section— and the two 
growth rates for the velocity profile (6 q /D) and the temperature profile (S r , D) versus xJD are 
shown in Fig. 12. The following symbols are used: D - nozzle diameter, S q T = width of 
velocity and temperature profile as determined from the intersection of the steepest tangent 
to the profile with the minimum and the maximum values. 

Phenomena of this nature were recently investigated by Sreenivasan et al. (1989), 
Subbarao (1987) and Monkewitz et al (1989, 1990). Raghu (1990), in studying this specific 
phenomenon, found the side jets to occur also in the convectively unstable homogeneous j et 
at unusually high forcing amplitudes. 
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Fig. 12. Jet structures at absolute instability condition as observed in a heated jet (after Monkewitz et ai, 1990). 
(a) Longitudinal cross section; (b) cross section, showing side jets; (c) axial development of spread parameters. 
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Additives: Other than the characteristic phenomena of reducing small scale structure and yM^if vi 
thereby increasing the coherence in a turbulent jet in the presence of additives, no details of J * * 

jet flow structure when treated with additives are known in the literature. This may be j ^trtk resta-H^ 
a consequence of the fact that most jet flow investigations as well as most practical ' 
applications are with gaseous jets, where additives are not applicable. Only quite recently 
Eriksson and Karlson (1990) have provided us with some insight into the effects of Cationic 
Surfactant Solutions (CTAB and NaSal) on turbulence and global characteristics of the first 
few diameters of a confined axisymmetric jet (see also Edberg, 1989). 

The following observations are reported: (a) the growth of the jet is smaller in the 
presence of surfactants, (b) turbulence intensities and shear stress are reduced in the outer 
part of the jet (i.e. for y/R > 1). 

A somewhat exotic application — in the context of this review — is the use of additives as 
spray suppression agents in certain two-phase jet flows (Hoyt et ai (1980) — *antimisting 
additives'). 

4.3. Wakes 

Wakes in a stream of constant velocity are only asymptotically self-preserving. In 
addition they do not seem to reach a universal equilibrium state, developing instead in a 
way which depends on characteristics of the wake producing body: e.g. its shape and 
solidity, as was shown by Wygnanski et ai (1983). Wake flow is characterized by periodicity 
(Berger and Wille, 1972), where typical (coherent) structures are similar to those in the jet, 
with a multitude of modal development in the axisymmetric case. In the two-dimensional i_ gr ^'V^"/' ^ ^ 
case the two dominating modes — the sinusoidal and the jyaricose — are of comparable j j ^ 
strength and probability, showing a tendency towards early developing of three dimen- \ — 1 ^ < 

sionalities. - \^ V v ~ 



4.3.1. Configurations ,?- v ^J^ lM l - ^ c 



Again — as in jet flow — we distinguish between two-dimensional, axisymmetric and three- 
dimensional Jvakexonfigurations._In.aUxases,-distinctionjs_made_betweeiLthe.near_region- 



p 



and the far wake. The near region — being of practical interest particularly in structural 
(environmental) aerodynamics— is essentially dominated by absolute instability of the flow. 
Accordingly control of the near region requires specific influencing of the flow field to block 
the feedback mechanism of the fluid mechanical resonance, as was discussed and/or 
demonstrated by e.g. Berger et ai (1990), Strykowski (1986) and Koch (1985). 

The far wake is convectively unstable. It can, as was only recently shownT>y Marasli et ai 
(1990), be dynamically controlled to the same degree as the mixing layer, showing again the 
characteristic three regions (I, II, III) as described by Oster and Wygnanski (1982). An 
obvious practical aspect to this is the inherent possibility of changing the^i^naiui£joJ^ake 
producing vehicles. The forcing can be applied by either vibrating the wake producing bo3y 
itself or by an external acoustic field. 

The near wake region of plane and axisymmetric configurations, its stability, its 
structures, and their controllability have been thoroughly studied in recent years by Scholz * fr : v> v 

(1985) for neutral as well as excited conditions, e.g. *p^mi£uig^ modes._ ^ ! fyf 

Only little is known about the near region of three^flimensional wakes.^ntheir far region p 
they asymptotically approach the axisymmetric case. Specifically for wakes behind bodies * 
with two axes of symmetry— «.g. ellipsoids, elliptic disks, cubes, rectangular disks etc. — the 
phenomenon of successive switching of the major axes—as in jet flows— is observed. 

Control of wake flow has its practical importance particularly in the suppression of the ^- . ^ , % 
inherent periodicity, which may give rise to unwanted aerodynamic sound (the aeolian f u Jfe ^ 
phenomenon) as well as to structural vibrations. * ' " 



4.3.2. Stability, Structures and Control 

Wakes can be both absolutely and convectively unstable, depending on the region under 

consideration. The near wake with its characteristic recirculation is clearly absolutely | 

u 
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unstable unless recirculation is suppressed as might be the case for a porous wake 
producing body. 

Near wake control seems to be possible by some of the following principal ways: 
Passively by 

— geometrical modifications (two-dimensional: splitter plates (see also Section 5.4.4); 



— entrainment. 
Actively by 

— periodic excitation (acoustical/mechanical) 
—adaptive techniques with feedback. 

Major investigations of the near wake, its turbulent structure and stability behaviour 
were done by Fuchs et ai (1979), Scholz (1985), Berger et ai (1990) and by Strykowski 
(1986). Scholz found the axisymmetric near wake behind a circular disk to be dominated by 
three instability mechanisms: a high frequency 'shear layer mode ' as characterized by the 
Strouhal number S SL =/ SL * 162, a low frequency 'pumping mod e' (0 mode) of 
S p = 0.05, and a (first* 'helical m ode' of typically S h = 0.135. Of those three modes only 
the helical was susceptible for external excitation bv tu mbfrre t he disk. The pumping m ode 
remained stable to external forcing, which is a clear indication of its absolute instability. The 
shear layer mode was not investigated. 

Thorough studies of stability characteristics in the near wake have been made only for the 
plane wake configuration (e.g. Berger et a/., 1990; Strykowski, 1986; Strykowski and 
Sreenivasan, 1989). This flow was found to be absolutely unstable (which is also assumed to 
be the case for the axisymmetric near wake). Consequently, control, i.e. suppression of 
periodicity, is possible only via modification of the velocity profile. This can be accomp- 
lished in various ways, as was demonstrated by Berger et ai (1967, 1990), who used base 
bleeding or high frequency, low amplitude forced oscillation of the cylinder. Suppression of 
vortex shedding, as accomplished by the latter, is demonstrated in Fig. 13. This figure shows 
the local amplification of the perturbation amplitude at the most unstable frequency versus 
time as typically found in absolutely unstable flows, after suppression is released (see 
discussion in Section 3.2). 

The other, well known, possibility of suppression of two-dimensional vortex shedding is 
by means of a 'control wire' as proposed by Strykowski and Sreenivasan (1989, 1985). These 
authors proved, that by placing a small cylinder in a certain, well defined region down- 
stream sideways near a vortex shedding cylinder the periodicity in the latter's wake can be 
completely suppressed and thereby its drag modified. 
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Fig. 13. Characteristic absolute instability behaviour in the plane near wake-onset of vortex shedding after 
suppression by high frequency vibration of the cylinder (bimorph transducer)— Berger (1989). The lower picture is 

a time expansion of the upper one. 
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The intermediate and far plane wake, its stability and structure was studied by 
Wygnanski et ai (1983), by Cimbala et ai (1988) and by Hayakawa and Hussain (1989). 
Possibilities of control of the vortex street of larger scale, which develops in the far wake 
{x/d > 100) at low Reynolds number wakes, as was first observed by Taneda 1959, was 
recently investigated by Cimbala et ai (1989). Other investigations concerned with dynamic 
wake control were reported by Wehrmann (1967) and Ericsson (1989). Passive (static) 
control is possible via boundary conditions. Takeuchi and Okamoto (1983) showed, that 

periodic vortex shedding is suppressed by quenching the flow below a ratio of c/H = 0.3 

here c = width of the two-dimensional bluff body (plate) behind which the turbulent wake is 
produced and H = distance between limiting tunnel sidewalls. 

Only limited information is available about field effects. Nakamura and Tomonari (1976) 
investigated the influence of turbulence on the drag of prismatic bodies. According to their 
measurements increased turbulence level in the free stTeamresuTts in increase of drag and 
base pressure coefficients, while little, if any, effect was found on the Strouhal number. 
Symes and Fink (1978) have studied the influence of turbulence in the free stream on the 
overall development of wakes past cylinders. They found the influences on the spread and 
on the Reynolds stresses strongly dependent on the ratio between the integral scales of the 
external turbulence and of the wake, with appreciable effects only for ratios > 1, with 
maximum effects for scale ratios around 10. 

4.3.4. Jets and Wakes— their Different Control Behaviour 

It is interesting and revealing to compare and juxtapose the different behaviour of jet 
) and wake when exposed to periodic excitations oiTsay, the 0-th, or the 1st mode as was 

discussed above. 

Obviously, the effect of forcing a structure must depend to a large extent on the ratio 
between^ortex velocity and the velocity by which the structures are transported (other than 
by their own inSSftTtfn). Or, to be more specific: the velocity field of the jet in quiescent 

surroundin g s is a consequence of the induction of the dominating vortices. Perturbation of 

the latter is therefore directly reflected in the flowfield. Consequently, excitation of a jet 
structure is of strong and far reaching effect. 

In a wake, with its prevailing memory of the initial condition, the vortices themselves 
constitute only a perturbation of the basic convective flow. Their perturbation is therefore 
only of secondary effect—except for the near-wake region, where the flow is dominated by 
the large¥tructures and their motion, and where the 'external' flowfield is then of reduced 
influence. It is for this reason that spectacular effects as e.g. observed by Lee and Reynolds 
(1985) in the excited jet in quiescent surroundings — will not be found in wake flows, nor can 
they be expected for jets in a moving stream. The generic picture of jet and wake flow as 
shown in Fig. 5 may serve to support this explanation. 

A special jet-wake combination of some technological relevance is provided by the jet in a 
counter-stream (Konig and Fiedler, 1990). Depending on the ratio of the jet velocity over 
the ambient (counterstream) velocity R = Uj/U 0 we observe two different flow situations. A 
) highly unstable flow for R > 1 .4 where control by periodic forcing is of no visible effect. This 

may be understood in view of the fact that the random motion of the flow in the stagnation 
region is of high amplitude, thereby causing phase gcrajmbling of any periodic wave imposed }£ v 1^ % 
onto the flow. However R < 1.4 the jet immediately wrap-around the nozzle and creates 
a wake of some receptivity to periodic excitation in different modes as is observed in the 
true wake. 



4.4. Mixing Layers 

Mixing layers have for a long time been favourite J^ets' for turbulence researchers, 
surpassed in the number of papers devoted to them only by those on the wall boundary 
layer. This is easily understood since the mixing layer represents the 'cleanest and clearest' 
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scenario for a free turbulent, non-decaying flow, being somewhat of a hybrid between jet 
and wake. For both flows the mixing layer provides the first— transient— configuration. 
General introductions and surveys on this flow are provided by Birch and Eggers (1972), Ho 
(1981), Fiedler et al (1981), Browand and Ho (1983), Ho and Huerre (1984) and by Fiedler 
et ^ (1989). 

4.4.1, Configurations 

Classical objects of research are the plane mixing layer between parallel streams of 
'infinite' extent and the axisymmetric layer (which was dealt with in Section 4.2)—two flows 
of limited self similarity. 

In the general case the layer is formed between two streams of different velocity C/j and 
^2 ( < There is sufficient experimental support for the general validity of a trans- 
formation—usually known as the 'Abramovich-Sabin rule— by which the results for 
mixing layers between streams of different ratios U 2 /U l can be reduced and generalized. 
Introducing a velocity parameter A = (U t - U 2 )/(U i + U z ) = AUfLU we find for the ratio 
of the local width b: b(k y x)/b(k = 1, x) = A = b/fc 0t and, correspondingly, f/f 0 = l/A etc., 
where the index 0 defines the case of the one-stream layer. The relation between local 
width— as defined by the momentum thickness 

and downstream position x is given by 0/Ax ^ 0.032. 

In recent years this group of basic flow geometries was extended, following a growing 
interest in controlling the flow via boundary conditions. Thus constraining and distorting 
geometries were looked into and finally the study of the general three-dimensional mixing 
layer between two non-parallel streams in a parallel plane was taken up by the first author. 

4.4.2. Structures and Stability 

We shall restrict ourselves to discussing only the plane flow. In the parallel case there is 
a relatively simple picture of a coherent structure to start with: the line vortex with its axis 
parallel to the trailing edge as a consequence of Rayleigh instability. After its creation, 
secondary instability soon sets in, resulting in a deformation and spanwise undulation of 
those vortices. The evolving pictures of the complete structural scenario as suggested by 
Bernal (1981 ), and by Hussain ( 1986) are shown in Fig. 14. A general survey on the structure 
of the two-dimensional mixing layer is given by Browand and Ho (1983) — see also Browand 
and Weidman (1976). 

Streakline visualizations— e.g. by Konrad (I976>— have revealed the typical spanwise 
(large scale) structures and the superimposed longitudinal vortices (the streaks), where the 
latter are usually triggered and their spacing determined by minute upstream irregularities 
in the flow. Only the complete three-dimensional structure provides for turbulent (small 
scale-) mixing, the enhancement of which therefore requires the production of three- 
dimensionalities. 

Although beyond an overall Reynolds number of Re x ^ 10 5 the global j-ate of spread of 
t he flo ws jegans-toJ be constant (Birch and Eggers, 1972) there is a so callecf'diffusion'^icar 
Reynolds number] (defined by Konrad, 1976) *■ 

^ cru = {AU )2; v (dU / dv) m „ * 10 4 

below which turbulent mixing is at a very low level. This critical Reynolds number was 
determined e.g. from the 'unmixedness* (see again Konrad, 1976). 

First theoretical investigations of the spatial development of laminar free boundary-layer 
flow stability were made by Gaster (1962), Michalke (1965) and Kelly (1967a, b). Experi- 
mental corroboration was provided by Freymuth (1966). The applicability of the laminar 
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Fig. 14. Structures in a plane mixing layer, (a) According to Bernal (1981); (b) according to Hussain (1986). 



instability concept to turbulent flow and the subsequent creation of coherent structures was 
probably first suggested by Fiedler et al (1981). The idea was further developed and 
established by Ho and Huerre (1984) and by Gaster et al (1985). Monkewitz and Huerre 
(1982) showed that instability is strongest for a velocity parameter /. = taVfLU = 1 (the 
o ne-st ream layer), reducing with reducing velocit y parameter. Koochesfahani and Frieler 



(1987) and Lummer (1989) obtained stability results for shear layers separating fluids 
of different density, and finally Cohen and Wygnanski (1987a, b), and Wygnanski and 
Weisbrot (1988) investigated questions of wave dispersion and subharmontc resonance as 
well as the phenomenon of pairing. 



V "I 



4.4.3. Active Control 



Dynamic control/ periodic excitation: This was probably the first conscious application of 
mixing layer control and an excellent survey is given by Ho and Huerre (1984). Some early 
investigations of the axisymmetric case date back to the 1950s (e.g. Wehrmann, 1957; 
Michalke and Wehrmann, 1962). Yet only in the 1970s did this technique (adopted primarily 
as a means to stabilize the structural flow pattern for easier experimentation) become of 
serious interest and detailed investigation in plane flow undertaken (Bechert and Michel, 
1975; Oster et al, 1976; Oster et al, 1978; Fiedler et aL 1978). Many aspects were further 
clarified by a host of investigations to follow, the major results of which are summarized by 
Ho and Huerre (1984). Here we can only mention a selected number of those papers: 
Bechert ( 1 982), Bechert and Stahl ( 1 984), Dziomba and Fiedler ( 1 985), Fiedler and Mensing 
(1985), Fiedler and Thies (1978), Oster and Wygnanski (1982), Morkovin and Paranjape 
(1971), Weisbrot and Wygnanski (1988), Wygnanski and Peterson (1985). 

The basic and obvious achievement of single-frequency forcing is a local widening of the 
flow of order 100%, accompanied by an increase of the Reynolds stresses and the coherence 
(stabilization) of the dominating structures. For very high excitation amplitudes we find 
regions of negative spread rate and negative production. The entrapment flux undergoes a 
maximuAjol^ the flow only gradually and asymptotically 

' returns to its neutral state. The essence of this is sketched in Fig. 1 5. 
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Fig. IS. Charactenstics of excited plane mixing layer (after Mensing. 1981). (a) Top: local non-linear spread 0 
depending on expiation amplitude, vs generalized Strouhal number S; below, typical variation of the normalized 
entramment velocity V t (V 0 \ (b) generalized Strouhal number for excitation frequency / E and location of maximum 
periodic signal content in the excited flow vs relative excitation amplitude at trailing edge; (c) amplification k of 
excitation signal in the flow vs relative excitation amplitude at trailing edge. 

Recent investigations concentrate on rather more elaborate excitation schemes, for 
example by multiple frequency forcing (Ho and Huang, 1982), wave packets, amplitude 
modulated excitation, three-dimensional forcing etc. (Fiedler et al : J98S>^Nygaard and 
Glezer, 1989), by which specific influences— particularly oh~smairscale mixing— <;an be 
exerted. 

4.4.4. Possibilities of Passive Control 

Static—upstream boundary conditions (splitter plate, boundary layer (s) J: Probably sur- 
prised by the unexpectedly high spread rate of a one-stream mixing layer, as was reported 
by Wygnanski and Fiedler (1970)— who had investigated the mixing layer developing from 
a tripped boundary layer— Batt (1975) and Foss (1977) investigated the different develop- 
ments of turbulent mixing layers starting from laminar and from turbulent (tripped) wall 
boundary layers. Later investigations concerning the effect of splitter plate geometry and 
the boundary layers) were made by Hussain and Zedan (1978), Husain and Hussain (1979), 
Dziomba (1981), Gurecki (1981), Dziomba and Fiedler (1985), Roberts (1985) and Mehta 
(1990). 

According to most investigations the length of the development region from the 
boundary layer state to the final asymptotic mixing layer state is 

400 < x„ ymptolic A/I0< 600, 

where 10 = 0! + 0 2 + /» XE = sum of the momentum thicknesses of the two boundary 
layers at the trailing edge plus the thickness of the trailing edge itself. In the case of a one- 
stream layer 10 = 0. This is (fortunately) clearly less than the conservative value of 1000, 
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which was proposed for the first time by Bradshaw (1966) and has been taken as a standard 
since then. 

In the transition region the spread rate and the turbulence level is generally below the 
asymptotic for the turbulent boundary layer, while the mixing layer, developing from a , 
laminar boundary layer experiences an overshoot of spread rate and turbulence intensity j ~. ? 
(owing to the highly agitated flow during the L/T transitional process), before reaching . ^ ^ ^ , ; 

asymptotic values. For equal momentum thicknesses the tripped flow— while providing a \ ■* r . <- » ^ M ♦ > t 
better defined upstream condition— needs slightly longer to reach the asymptotic condition. \ * w w. V * ( kcfa) 

Ag a j n _ as i n the case of dynamic control — later works were more concerned with three 
dimensional aspects. Lasheras and coworkers (Lasheras and Choi, 1986; Lasheras et a/., t \ 
1986) investigated the (low Reynolds number) flow behind sinusoidallyjndented and 
corrugated splitter plates. Three-dimensionality was introduced by Nygaard TamTGlezer 
(1989) by most elaborate heating schemes on the splitter plate of a two stream water tunnel, 
whereby almost any conceivable two- and three-dimensional static and dynamic forcing 
condition at the splitter plate can be adjusted. This scheme permits the introduction of f 
longitudinal vorticity in a predetermined way and thus for selective control of small scale \ - 
mixing enhancement. 

Changing the geometry of the test section of a given flow— i.e. its 'ambient'— offers 
a variety of simple and at the same time amazingly efficient possibilities to influence 
and manipulate the turbulence structure, and in turn the integral development of a mixing 
layer over a longer range. Some possible influences of boundary conditions— static and 
dynamic— have been discussed by Fiedler et al (1981, 1989). The following cases may serve 
. as examples. > , * ^y? 

) Pressure gradients: Small, inadvertent pressure gradients from the growing wall boundary . , l 

layers in a closed test section are often responsible for discrepancies in the spread rate of f 1 1 '< 
otherwise identical mixing layers. This question was looked into by Dziomba (1981). Fiedler 
(1984, 1989) and Fiedler et al (1990) studied the plane mixing layer between two convect- \ 
ively accelerated parallel streams of different velocities U x (x) and U 2 {xl where the \ 
(negative) longitudinal pressure gradient wa s tailored for constant characteristic frequency 
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f c ^ZU/b (we recall that in the parallel mixing layer/, - 1/x). This specific flow provides for 
extreme structural simplicity, showing a quasi frozen pattern of a certain structural 
manifestation which does not— or scarcely— include eyolutionary phenomena such as 
pairing. Still, the spread of the mixing region, being b - [x - x 0 ) 1 ' 3 » found to follow the- 
Abramovich-Sabin rule as applied to local values, although being in essence a sole 
consequence of coherent vortex decay. Periodic excitation of this flow has— contrary to 
what is typical for the layer in zero pressure gradient— an overall effect in x, where again 
increases of the order 100% are found possible. 

The opposite of this apparent stabilization (and thus 'deactivation of structures and 
of mixing) in the accelerated flow is to be expected for decelerated mixing layers, 
where coherent structures experience reduced life-times, i.e. accelerated dynamic evolution, 
followed then by an increase of the small scale constituents. A numerical analysis by discrete 
vortex simulation was only recently presented by Bottcher (1990), where accelerated, 
) neutral, and decelerated mixing layers are studied and juxtaposed. Figure 1 6 demonstrates 

reduced mixing activity in the accelerated flow and enhanced mixing (and spread) in the 
presence of a positive pressure gradient (decelerated flow) as compared to the neutral case. 

Aspect ratio and feedback: Growth and structure of a free mixing layer are found to be 
considerably influenced by the lateral extent of the flow at reduced relative side wall 
distance. First investigations of this condition in a one stream layer (/ = 1) were reported by 
Hilberg and Fiedler (1989): with increasing aspect ratio A = L/h (where h is the sidewall 
distance and L the length of the test section— see Fig. 17) a periodicity develops in the 
fluctuation spectrum, accompanied by considerable increase of spread. The amplitude of 
this periodicity reaches saturation for around A > 40, corresponding to a ratio of 
h/e L * 1 (0 L = momentum thickness of the mixing layer at the test section exit). 

This effect, which appears quite spectacular in flow visualization and less so in the 
measurements, is demonstrated in Fig. 17. Here we have a clear case of feedback of pressure 



Turbulent shear flows 



339 





waves from the two trailing edges of the test section side walls to the trailing edge of the 
mixing layer (a feedback effect of this kind was conjectured already by Dimotakis and 
Brown (1976)). Those pressure waves are uncorrelated at large values of fi, and then unable 
to maintain a feedback cycle. According to the discussion in Section 2.1 the feedback 
frequency scales with a Strouhal number of S F =/ L/U p ^ 1.0 (as compared to the ordinary 
mixing layer mode with its typical scaling law S ML = fx/JZU * 0.80-0.85). 

Suppression or attenuation of the feedback loop is possible by modification of the sources 
of the feedback signal, i.e. the sidewall trailing edges by short flexible (energy absorbing) or 
by indented (scrambling) trailing edge extensions. Reduction of the feedback effect is also 
provided by increased turbulence level of the basic flow and by reducing the relative 
distance b of the bottom wall of the test section from the mixing layer. This is a consequence 
of flow stabilization, as was only recently shown by Michalke (1990). 

Only during the final preparation of this manuscript an investigation by Buell and 
Huerre (1988) became known to the first author, in which on the basis of a numerical 
simulation global resonances of the kind observed in the experiment are conjectured. 

Phenomenologically similar observations of developing strong periodicity, which are, 
however, caused by different physical mechanisms, were reported by Giger (1987) for two- 
dimensional jets in shallow water (e.g. river inlets). Active feedback interaction experiments 
in a shear layer have recently been reported by Dimotakis and Koochesfahani (1987) — see 
also Fiedler et ai (1978). 

Flow distortion: Another passive/static tool for controlling the development of a mixing 
layer is provided by flow distortion: this phenomenon was first investigated by Keffer et ai 
(1978) and later by Paschereit et ai (1989) in a test section, the cross section of which 



340 



H. E. Fiedler and H.-H. Fernholz 



gradually changed from a square of 03 x 0.3 m to a rectangle of equal area with dimension s 
0.15 x 0.60 m over a length of 1.2 m (i.e. no longitudinal pressure gradient). This test section 
could be rotated around its longitudinal axis. Control of the flow was thus achieved by 
imposing axial strain on the coherent structures. Compression destabilizes these structures, 
causing increase of spread, accompanied by appropriate reduction of the Reynolds stresses, 
proportional to the maximum gradient of the mean velocity distribution. Stretching of the 
dominating vortices has the opposite effect. This behaviour is approximately described by 
rapid distortion theory (see Sreenivasan and Narashima, 1974; Takaki, 1975). 

Curvature: Limited experiments on the influence of curvature on a two stream mixing 
layer were done by Dziomba and Fiedler (1979) in a test section with flexible walls. In this 
case one has to distinguish between stabilizing (towards the low velocity side) and 
destabilizing curvature. Accordingly increased spread was measured in the destabilizing 
configuration and vice versa. 

Additives: This important aspect (Toms' (1948) effect) was — among others — studied by 
Kwade (1982) and by Riediger (1989X who found the effect of small amounts of long chained 
high-polymers (e.£ Separan) to be a significant reduction of small scale turbulence 
(corresponding in effect to a laminarization, i.e. suppression of dissipation), which in turn 
strengthens and stabilizes the coherent transverse vortices. The total spread was found to be 
smaller in the presence of additives— owing to different initial behaviours of the two flows — 
yet the spread rate was higher by more than 40%. 

Turbulence level: The rather disturbing so-called Dubuat's (1779) paradox, according to 
which the drag of a body at rest in a moving fluid by far exceeds that of a moving body in 
a fluid at rest turned out to be on closer inspection an early example of flow control by 
disturbed flow conditions (high turbulence level). 

Dziomba (1981), Tavoularis and Corrsin (1981), Chandrsuda et al. (1978) and Tanner 
(1989) have invested some effort in the study of the consequences of turbulence in the 
primary streams on the flow development. Dziomba found the flow to reach an early self 
similar state for initial (but decaying) turbulence levels of approximately 2%, exceeding the 
rate of spread for low turbulence levels at otherwise the same conditions by approximately 
10%. While this is in agreement with expectation, the reduced turbulence level (by again 
10%) is yet to be explained. Tavoularis and Corrsin and Chandrsuda et al were rather 
concerned with questions of structures. Particularly in the work of Tavoularis and Corrsin 
it was shown that the turbulence level does not seem to interfere with the (spontaneous) 
creation and development of coherent structures, which appears contradictory to the 
findings reported by Chandrsuda et al Tanner gives spread rates for different external 
turbulence levels, which he finds strictly on theoretical grounds. His results (which need 
experimental corroboration) show, that in any case— according to expectation — increased 
external turbulence levels give rise to increased spread. The overall effect depends on 
the velocity parameter A. It is almost negligible for A * 1, becoming, however, signific- 
ant for small values of A, e.g. 100% spread increase for, say, A = 0.14 and a turbulence 
level of (only) 3%. Tanner's results may be approximately described by the relation 
b T /b 0 * (Tu] + Tu\ )60/A + I, where b T - flow width in the presence of external turbulence, 
b 0 = flow width at negligible external turbulence, and Tu l 2 - Turbulence intensity of 
streams 1 and 2 respectively. 

Taking a 1% increase of the spread as a critical value we find — on the basis of the 
above— a critical value for external turbulence to be Tu m „ ^ 0.002 JT U , or— more 
generally— external turbulence ought to be two orders of magnitude below the maximum 
level produced in the mixing layer itself. Thus, for flows with low A u , external turbulence 
may be highly influential, which, by usual standards, is considered /innocen t 1 (see 
also Mehta(1990)). 

Density inhomogeneities: Influences of density differences of the two streams on the 
strength of coherent structures have been investigated by Rebollo (1972) and Brown and 
Roshko (1974) — amongst others. This problem has only recently been revisited by numer- 
ical (direct simulation) and experimental methods (Lummer, 1989; Fiedler et al, 1990; 
Nottmeyer, 1990). It was found that the influence of density ratio on the formation of 
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coherent structures and mean spread is well described by stability theory. Coherent 
structures are stabilized (and thereby the spread reduced) in a situation where the higher 
density is on the high velocity side and vice versa ('co-gradient' and 'counter-gradient' 
configuration). The quantity most sensitive to the density ratio is the p-u correlation, while 
the p-v correlation remains largely indifferent to the inhomogeneity. Clearly the overall 
spread is a function of the density ratio, being larger in the counter-gradient case, with 
pronounced effects on the low density side of the flow. On the basis of his measurements 
Nottmeyer suggests an extended 'Abramovich-Sabin rule' for the spread of the density field: 

fyb 00 = k u (l - 0.627 tan h(2k p )\ where A p = [f> 2 - p i )/(p 2 - p t ). 

Interactions: Various cases of flow interaction and self sustained oscillation are described 
by Rockwell and Naudascher (1979). Wood and Bradshaw (1982), Bradshaw and Weir 
(1974), Ziada and Rockwell (1981) and Wygnanski et al (1979). The influence of the system 
response on the coherent structures in a confined shear layer was studied by Veynante 
etal (1986). 

4.5. Mixed Configurations of Free- and Wall-Bounded Flows 

A flow of high practical appeal and value is the boundary layer at incipient separation. 
Given the possibility to control this kind of flow, thereby preventing or delaying separation, 
we would have an instrument to control the aerodynamic performance — and in particularly 
the lift — of an airfoil. Again such a separating boundary layer may be influenced by passive 
or by active means. Separation on an airfoil may be caused by genuine separation of the 
boundary layer itself or by bursting of the leading edge separation bubble. In both cases 
the wall boundary layer leaves the wall and develops into a free shear layer, though still 
influenced on one side by the wall. Since the free shear layer is by far more susceptible to 
control than the boundary layer it is the former which can be influenced most easily. 
Control and manipulation of these phenomena are discussed in Sections 5.4.2 and 5.4.3 
below. 



5. WALL-BOUNDED TURBULENT SHEAR FLOWS 

5.1. Introductory Remarks 

4 

Betz (1961) reports that Prandtl controlled the separation of a boundary layer on a 
cylinder by suction as early as 1904 and reduced the drag of a blunt body by two counter- 
rotating cylinders at the trailing edge in 1910, modelling a "ship of zero 'drag' resistance". So 
boundary layer control was a method developed together with boundary layer theory itself 
As so often before, progress in these two fields has come on a large scale from efforts to 
increase the efficiency of aircraft. The history of flow control and management up through 
the 1950s is well documented in the two volumes Boundary Layer and Flow Control, edited 
by G. Lachmann (1961). With the enormous increase in fuel costs during the oil crisis of the 
1 970s, increased efforts have been undertaken to increase lift and to reduce drag for all kinds 
of aircraft configurations. The recent host of investigations has been initiated and guided by 
NASA Langley with very interesting results in the fields of drag reduction and separation 
control. Separation, which more often than not a detrimental effect on a flow 
configuration is of course no^xerogative of aerodynamics. Its control also concerns, for 
example, fluid machinery andthe^ chemical process industry. Typical applications of 
turbulence control in wall flows, as listed by Bushneli and Mc Ginley (1989) are heat- and 
mass-transfer augmentation/minimization, combustion optimization, control of pressure 
fluctuations, and increased propulsor efficiency. The same authors have also co mpiled a list 
of the more obvious control parameters which opens up many alleys for as yet unexplored 
possibilities of control. r 

Turbulent wall-bounded shear flows can be manipulated and eventually controlled by u ■■ 
influencing upstream and boundary conditions which affect the physical processes in the ! 
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shear layer as expressed by the conservation laws and the transport equations, e.g, for the 
kinetic turbulent energy where we find terms which characterize convection, production, 
diffusion and dissipation. Influencing these terms may lead to a manipulation of the 
turbulence in various ways: 

—increasing the small fluctuations inherent in a flow triggers the flow to become trans- 
itional and fully turbulent, 

—maintaining or increasing the turbulent energy prevents separation or decreases form 
drag, 

— decreasing or minimizing turbulent energy reduces viscous drag. 

We intend to deal with the last option only briefly, except as coupled with the prevention 
of separation. For an extensive discussion of the effects of (a) riblets (longitudinal grooves in 
the wall) attention is drawn e.g. to Section 5.2.3.3 and to review papers by Wilkinson et ai 
(1988) and Bechert (1990), of (b) LEBUs (large eddy breakup devices) to an investigation by 
Sahiin et ai (1988), and of (c) polymer additives, to Hoyt (1979). These are by no means the 
only important methods to reduce the viscous drag of a surface but probably the three most 
common ones. Furthermore it should be noted that viscous drag reduction does not 
necessarily require a reduction in the overall turbulent energy level of the flow; it suffices to 
change some flow characteristics in the vicinity of the wall which affect the skin friction. On 
the other hand, in a re-laminarizing boundary layer the integral of the turbulent kinetic 
energy normal to the wall remains approximately constant while the skin friction rises 
(Blackwelder and Kovasznay, 1972). So the ultimate in turbulence suppression is not 
relaminarization but any successful attempt to preserve laminar flow by delaying transition. 

It is also obvious that intrinsically unstable flows, such as free shear layers or separated 
boundary layers, lend themselves more easily to manipulation and control than intrinsically 
stable flows, such as boundary layers far from separation. 

5.2. Manipulation of Turbulence bv Boundary Conditions 

5.2.1. Introductory Remarks 

The importance of boundary conditions is evident from Prandtl's paper (1904) in SVhich 
he showed that an adverse pressure gradient can lead to separation of the boundary layer 
from the wall and that suction at the wall can delay separation (Betz, 1961). Both boundary 
conditions change the turbulence structure of the boundary layer, suction in the near-wall 
region and the pressure gradient both in the inner and outer layer. As far as boundary 
conditions at the outer edge of the boundary layer are concerned we deal here with 
the influence of the pressure distribution (Section 5.2.2), and the free-stream turbulence 
(Section 5.3.2), and with vorticity effects (Section 5.3.4). Wall boundary conditions may be 
divided into two groups, direct ^^Jlldi^SL 0 ^ 5 - Direct ones, such as the normal 
component v (suction or browing) and the wall temperature T w (heating or cooling), enter 
the boundary layer equations directly, whereas the inclusion of the effects of riblets and of 
compliant walls need additional considerations. Here we shall describe only the physical 
mechanisms and their effects on the structure of turbulence with the main emphasis on 
separation. 

5.2.2. Separation Control by Manipulation of the Pressure Distribution 

q^Ln a boundary layer an increase of thematic pressure in the streamwise direction leads to 
a decrease of the skin friction and, oftenrTo separation of the flow from the wall. Since the 
pressure distribution is dependent on the shape of the body, the surface of the body can be 
tailored such that the flow is kept close to separation along a fixed distance with skin 
frictionjimmnally zero. To prevent separation and yet obtain a large pressure p«p, the 
pressure should increase sharply where the boundary layer is thin and then flatten off as 



Turbulent shear flows 

Slot 



343 




Blowing jet 




Stratford contour 

Fig. 18. (a, b) Suction aerofoils of Griffith type from Head (1961); (c) antiseparation tailored contour laminar 

aerofoil from Mask (1980). 



x separation threatens. Prandtl (1935) appears to have been the first to solve this inverse 

boundary layer problem. He calculated the pressure, distribution for a laminar boundary ^ 
layer which remained on thev erge of separation (zero skin friction), thus allowing a \-Jf 
maximum pressure recovery, ft is possible that such a contour was used for the rear part of 
laminar aerofoils of the Griffith type as early as 1943* (Fig. 18a and b, taken from Head, 

1961). The idea was definitely used, now called a Stratford diffusion contou r' (S tratford, y 1 * I't^l 

1959a) for an antiseparationlajb red^contour (ATC) laminar aerofoil design (Fig. 18c, taken ^ $T" r & A 
from Mask, 1^0) at tne rearoi tK pressure side of the aerofoil 

In 1959 Stratford (1959b) published the results of an experiment in which he proved that 
a stable turbulent boundary layer with "near zero skin friction " could be generated. At the 
time and even later in the investigations of Spangenberg et al (1967) and Fernholz (1968) 
measurement techniques were not sophisticated enough to perform measurements of skin \^ ^ 
friction near incipien t separatjon and of velocity profiles with instantaneous or mean 
reverse flow. Only by using a wall pulsed- wire probe to determine accurately the occurrence 
of zero skin friction was it possible to achieve the matching pressure distribution (Dengel 
- ^ and Fernholz, 1990). The pressure distribution generating zero skin friction along a 
^ ^rescribed^ distance also generates a larger boundary layer thickness than for a pressure 
distribution where skin friction is still positive and thus a higher momentum loss in the 
wake of the body. Winter and East (1982) showed that for a diffuser with the velocity 
\ distribution u - x m (where m is — 0.3) the loss of mechanical energy is about half that for a 
* flow with incipient separation. Th e 'limit approach* (nearly separating condition) has been 
applied to the design of diffusers at low and high subsonic flows (eg. Stratford and Tubbs 
(1965) and Fernholz (1966), respectively, and more recently Strawn and Kline (1983) and 
Hartl (1989)) and of aerofoils (e.g. Liebeck (1973) and Mask (1980)). 

As pointed out by Bushnell (1983) there is, however, the off-design sensitivity which may ^ 
cause difficulties, i.e. separation may occur on an aerofoil due to small angle- of-inridenc e /fil $ A 
/ excu rsions with a consequently large drag increase. This sensitivity problem was addressed 
tfp 'Hf ^yDengeland Fernholz (1990) who studied three boundary layers in which the skin friction 
was either approximately zero, slightly negative or slightly positive along a fixed length. 
These three different skin-friction distributions were generated from slight variations in the 
upstream pressure distribution. A survey of the distributions of three boundary layer wall 



• A. D. Young kindly informed the authors that according to his recollection separation was controlled by slot 
suction on this type of aerofoil. 




parameters is shown in Fig. 19. c p is the pressure coefficient (p(x) - p(ref )/(0.5pug)), where p 
is the static pressure, p(ref ) the static pressure at the position where the reference velocity u 0 
is measured, and p the density; c F is the skin-friction coefficient (f w /(0.5puj)), with f w as the 
mean value of the skin friction; and x w is the wall value of the reverse-flow parameter. x w is 
defined as the fraction of time the flow travels in the upstream direction as measured by the 
wall pulsed-wire probe and it shows distinct differences between the three cases. The 
deviation of / w from zero is indicative of a change of the turbulence structure from its typical 
adverse pressure gradient behaviour even well upstream of separation. 

Stratford's separation criterion was adapted to axiaily-symmetric flow by Smith (1977) 
and used to design optimum tail shapes for bodies of revolution (Smith et ai, 1981). Here 
'optimum' means to generate the shortest tail shape. The length of the afterbody is not 
known a priori because it is a function of Reynolds number, boundary layer state, forcbody 
geometry, and the momentum loss thickness at the beginning of the pressure recovery 
• section. One significant conclusion from this investigation is that tail shapes in fully 
turbulent flow are relatively insensitive to Reynolds numbers over a wide range (see also 
Hess, 1976). 

5.2.3. Manipulation of the Turbulence Structure due to Control Mechanisms 
Originating at the Wall 

5.2.3.1. Suction and blowing 

This section can be dealt with rather briefly since good survey papers exist. There are 
chapters on suction research in Lachmann's Boundary Layer and Flow Control (1961X a 
survey on slot injection for skin-friction drag reduction by Gary, Bushnell and Hefner 
(1977), and a section on blowing and suction in Viscous Flow Drag Reduction (Hough, 1980). 

Probably the first control mechanism to influence a boundary layer and to delay 
separation was suggested by Prandtl in 1904 when the boundary layer was removed by 
means of a slot at the rear surface of a circular cylinder (Betz, 1961). Since then boundary- 
layer suction has been used to increase the lift of aerofoils, to prevent transition of a laminar 
boundary layer (e.g. Lachmann, 1961; Reynolds and Saric, 1982) and to relaminarize 
turbulent boundary layers (Pfenninger, 1977; Pfenninger et a/., 1988). Boundary-layer 
suction has been applied mainly to aerofoils and applications to other areas of fluid 
mechanics are scarce, largely because of the danger that the suction holes or slots are 
blocked by dirt in many industrial applications. With increasing suction the velocity profile 



Turbulent shear flows 



345 



becomes fuller near the wall and skin friction should increase accordingly. Savas and 
Haritonidis (1989) found experimentally a noticeable change in the near wall turbulence 
structure of a boundary layer with zero pressure gradient (ZPG), resulting in a 20-30% 
reduction in the Reynolds shear stress (they do not mention, however, an increase of f w as 
one would expect) and a comparable reduction in the turbulence production. This is 
complementary to results in turbulent pipe flow reported by Elena (1984), who noticed that • 
the maximum of the production was shifted further away from the wall and that the flatness | J 
factor F u , which may be interpreted as a measure of the intermittent structure of the viscous £r:\ 
sublayer, is reduced by suction. 

Mass may be added to a boundary layer using a porous or slotted wall, where the latter 
is mainly used to protect the wall from excessive heat transfer (for a survey see Goldstein, 
1971). Aspects of turbulence control and drag reduction were emphasized in a review paper 
by Cary et al (1977) providing a description and analysis of slot injection in low-speed and 
high-speed flows. They define slot injection as the process of injecting a gas from a slot such 
that the injected gas lowers the downstream surface temperature and, if of sufficiently low 
momentum, reduces the downstream skin-friction drag. To increase the length of the low- \ 
drag region downstream of the slot, it is necessary to retard mix ing between the slot flow 
and the external boundary-layer flow. Retarded mixing increases, however, the base drag » 
penalty of the slot which can only be reduced by an increase in mixing downstream from the [ 
slot, and these two requirements are contradictory. Cary et al conclude the survey by 
stating that much experimental research is needed to determine methods to reduce slot base 
) drag, decrease downstream mixing, and reduce collection and ducting losses for slot air on \ 
conventional aircraft. A more optimistic opinion is expressed by Wilkinson et al (1988), ^ 
who state that porous wall injection will in fact provide large skin-friction reduction and an 
alternative to slot injection if a low-loss source of injectant is available. 



5.2.3.2. Control of the near-wall and the large eddy structures 

The direct control of near-wall and large eddy structures is a straightforward idea to 
manipulate turbulence but so far there are only a few investigations. 

Assuming that the modification of the large eddies can lead to a reduction in skin friction * j ) 

and that the large eddy structure of a turbulent boundary layer is produced by the Emmons \ \ | 
spot generation process (confirmed for Re 62 < 5 x 10 3 by Zilberman et aU 1977), then we j i 
can infer that a manipulation, i.e. a close spacing and triggering of the spots, should lead to a j j 
reduction in skin friction. Goodman (1985) reported a reduction of the order of 15% for j 
certain combinations of triggering frequency and amplitude and spacing of the holes, which :, < — 
permitted the connection between the sound source and the flow, but no net drag reduction 
was obtained since the energy required to force the spots was too large (Wilkinson 
et al, 1988). 

/ Gad-el-Hak and Blackwelder (1987) investigated large-scale periodic structures which 
were generated by cyclically injecting secondary fluid from a spanwise slot. The aim was to 
remove the inherent randomness of the large-eddy structures and, since these eddies seemed 
to trigger bursting events in the near-wall region, to make these inner layer structures 
periodic too. Although periodic structures could be generated by this process both in the p 
inner and the outer layer, it is not clear whether, for example, the skin friction can be 
changed by changing the bursting rate. 

Since, however, Reynolds shear stress is associated with the bursting process (it is 
primarily produced by the ejection of low speed streaks from the wall region), it is important 
to manipulate these events, decrease the Reynolds shear stress, and interrupt the turbulence 
production. Gad-el-Hak and Blackwelder (1989) suggested two possible mechanisms to ^ 
influence the near-wall structure: (1) to withdraw fluid from under the low-speed streaks 
through a streamwise suction slot to inhibit the ejection process; (2) to inject fluid selectively 
under the high-speed regions with the immediate effect of decreasing the viscous shear at the 
wall. They found that when continuous suction was applied optimally from a streamwise 
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slot, the natural bursting frequency as computed from the VITA algorithms was reduced 
by as much as 50%. 

Choi et al (1989) explored another mechanism by numerically testing a change in wall- 
boundary conditions and found that significant net drag reduction was obtained when the 
normal velocity at the wall was prescribed to be 180° out of phase with the normal velocity 
at y + % 10. This was accompanied by a significant change in the intensity of the wall-layer 
structures. 



5.2.3.3. Riblets 



a 

D 



j 



After polymer additives (e.g. Hough, 1980; Gyr, 1990), riblets (for a review see Wilkinson 
et al, 1988) have been the most successful drag-reduction device to lower skin friction. They 
have been used both on shjplyrtlsjcf. Eilers et al, 1985) and on aircraft in flight (e.g. Nagel 
et a/., 1985; Walsh et al, 1988), Riblets are small longitudinal grooves in the surface, aligned 
in the flow direction, with typically sharp ridges separating the valleys. Of the many possible k 
geometries (see for example Bushnell, 1983) the optimal drag reducing surface appears to be 
the sawtooth arrangement, which resulted in a 4-7% skin-friction reduction compared to 
an aerodynamically smooth flat plate. An optimization of riblets for turbulent drag 
reduction was performed by Walsh and Lindemann (1984). They showed that the riblet drag 
reduction is insensitive tp^yaw^angles up to 15° but that drag is no longer reduced at 30°. 
Height and spacing of the grooves should be about 30 wall units which is smaller than the 
spacing of the streaks observed in the viscous sublayer. In comparison Wilkinson et al., 
1988 give a symmetric v-groove design as optimal with h + = s + ^ 15. Here h+ = hujv and 
s + = sujv where u x is the skin friction velocity, v the kinematic viscosity, and h and s the 
height and width of the groove. This means that high Reynolds number flow requires very 
small grooves. Bechert and Bartenwerfer (1989) suggest guidelines for an optimal riblet 
geometry: (i) a sharp wedge fo r the rib, preferably with a radius of curvature smaller than 
0.5-1 % of the laterafrib spacing; (ii) a rib wedge angle as small as possible; and (iii) a valley 
depth of about 60% of the lateral rib spacing. The same authors state as their basic 
hypothesis for the drag reduction mechanism "that sharp ribs imgede the instantaneous 
crossflow in the viscous sublayer which is generated by the turbulent motion. In this way the 
whole turbulent momentum exchange in the boundary layer is reduced, which is equivalent 
to a shear stress reduction". According to Walsh (1982) the turbulence intensity near the v 
surface is reduced — in agreement with the above hypothesis— but burst frequency is not. 
Riblets appear to function in moderate adverse and favourable pressure gradients (Walsh 
and Anders, 1985). So far there are no investigations of the interaction of riblets with severe 
adverse pressure gradients but one must assume that separation will occur earlier due to the 
lower level of skin friction. 



5.2.3.4. Compliant walls 

^1 It has now been established that compliant walls can be used to stabilize a laminar 
-f boundary layer but it has taken a long time to prove this, and it is probably a typical 
j J£SH5spy2! if il is twi <* as 'complaint wall' (Bandyopadhyay, 1986; Wilkinson et al, 
1988)TTne number of references is extensive; see for example Carpenter and Garrad (1985) 
for a listing of many difficult and often non-repeatable experiments and complicated 
theoretical models. Experiments dealt with both turbulent and laminar boundary layers. A 
careful experiment in a fully developed ZPG turbulent boundary layer in air was performed 
by McMichael et al (1980), using a membraneous swface^backed by a thin cavity 
containing a layer of polyurethane foam. No significant changeTrom the rigid surface skin- 
friction coefficient was observed (for a survey see Bushnell et al (1977) and a more recent 
investigation Gad-el-Hak (1984)). There appears to be more hope to keep skin-friction drag 
low by delaying transition in a laminar boundary layer. In this respect a breakthrough, at 
least for water, was achieved by Gaster (1985, 1988) experimentally and by Carpenter and 
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Garrad (1985, 1986) theoretically. The former showed that the best surface tested allowed an 
increase in transition Reynolds number of 30% over that of a rigid surface (Gaster 1988), 
but the surfaces tested were probably not optimum for promoting a delay in transition. 
Multi-layer and non-isotropic coatings are expected to offer much more promise, at least 
theoretically (see Carpenter, 1988). 

5.2.3.5. Curved walls 

The flow along a curved wall can either follow a convex or a concave contour. Prandtl 
(1935) showed that the turbulence in a flow along a convex wall is attenuated whereas it is 
known that Taylor-Gortler vortices are formed in a laminar boundary layer on a concave 
wall, an effect which is destabilizing for the flow and even leads to a completely different 
flow structure. Bradshaw and co-workers (Muck et al, 1985; Hoffmann et al y 1985) and 
others investigated the effects of mild convex and concave surface curvature on turbulent 
boundary layers. The flow responded very rapidly to the application or removal of 
stabilizing (convex) curvature and slowly to concave (destabilizing) curvature, the latter due 
to the forced change in the flow structure which needs time for the change. If convex 
curvature is sufficiently large (5/R larger than about 0.05 with R as the radius of curvature) 
Gillis and Johnston (1983) noticed that the Reynolds normal stresses were greatly at- 
tenuated and the Reynolds shear stress was reduced almost to zero. This apparently affects 
also the mean velocity distribution and reduces skin friction. Since regions of convex 
curvature are normally short in comparison to the total length of a flow configuration the 
relaxation behaviour determines how far downstream the drag reduction can be expected to 
continue, and this was investigated by Alving et ai (1990). They found that the level of the 
skin friction in the relaxing boundary layer appears to be independent of the skin friction 
leyelAtJhe_endjofJhe_te 

there is no lasting benefit for drag reduction with a zero pressure-gradient region down- 
stream. These results cast doubts on the usefulness of the viscous drag reduction concept 
suggested by Bushnell (1983) which implies that the reduction in skin friction due to convex 
curvature of the wall is persisting— even after the curvature is removed — far enough 
downstream to obtain a net gain in drag reduction. Model calculations for single and three- 
stage nose bodies with convex curvature were performed by Bandyopadhyay (1989). 
Although separation could be avoided in the latter configuration the drag coefficient was 
lower only by about 1.6%. 

5.3. Manipulation by Free-stream Turbulence or by Upstream Flow Unsteadiness 

5.3.1. Introductory Remarks 

In principle, every boundary layer is affected by its upstream history but the effects 
depend on the type and position of the disturbance, the^memory of the boundary layer 
(lujher^^ for example), the boundary conditions, and the distance 

downstream from the location of the disturbance. If a perturbation affects mainly the outer 
part of the layer its effects are more long-lived than if the inner layer is perturbed. This is due 
to the shear-stress distribution in a boundary layer where the larger shear stresses close to 
the wall affect a disturbance more strongly than in the outer layer and make it ^bate more 
quickly. Coherent structures in the outer layer generally live longer than in the inner layer. 
In this review interest is not focussed, however, on the response of a turbulent boundary 
layer to a sudden perturbation, as introduced by a rough or curved wall, for example. For a 
discussion of such effects and their relaxation process the reader is referred to Smits and 
Wood (1985). Here we are more interested in the effects of perturbations in the potential 
flow upstream of a boundary layer which is liable to separate. These perturbations may be 
generated by: 

—grid-generated freestream turbulence, 
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—a perforated fence or gauze fixed to a wall on which the boundary layer develops, 
—interaction of a vortex street shed by a bluff body with a reattaching shear layer, 
—longitudinal vortices interacting with a downstream boundary layer, 
— vortex/vortex-boundary-layer interaction as in a can ard/delta-wing configuration. 

These effects will be discussed in the following subsections. *X l \ 0 V v * H 5fc\ 

Hs\ mm 

5.3.2. Free-Stream Turbulence 

The interaction of free-stream turbulence (FST) or upstream flow unsteadiness with 
boundary layers, wall bounded shear flows, or separated shear layers is a very important 
problem in the investigation of turbulent flows. It is not surprising, therefore, that there is a 
vast number of experimental and theoretical papers, see for example the surveys by 
Bearman and Morel (1983) and by Bushnell (1984), the latter containing no less than 334 
references. 

Following Bearman and Morel (1983): "free-stream turbulence is the name given to the 
background level of random, three-dimensional velocity fluctuations present in every fluid. 
Its characteristics at a given position e.g. its intensity and spectral composition, depend on 
how the FST was generated and on the history of the flow. Since the power spectra of grid 
turbulence tend to have a well defined shape, it follows that the longitudinal component of 
turbulence produced by grids can be described by a single velocity scale (ti') and a single 
length scale (LJ." 

Other upstream turbulence effects may be (1) flow unsteadiness due to vortex shedding or 
due to blade wakes (ordered unsteadiness) and (2) steady wakes and longitudinal vortices. 
These effects may or may not be combined with FST, which is here considered to be "nearly 
homogeneous and nearly isotropic turbulence" (Hancock and Bradshaw, 1983). The 
dominance of FST or of turbulence caused by flow unsteadiness may be determined by 
investigating the ratio of the length scales, i.e. integral length scale of the outer flow, say 
L x or L y9 to the thickness of the shear layer <5. If LJS > 1 FST will appear to the local flow 
as a correlated unsteady mean flow of varying magnitude and direction. According to 
Bearmann and Morel (1983) Jfce two turbulent fields will not interact and the gross effects of 
FST can be estimated using the quasi-steady assumption. 



5.3.2.1. Free-stream turbulence interacting with turbulent boundary layers 

The interaction of FST with a zero pressure gradient turbulent boundary layer was 
investigated experimentally by Hancock (1980) and Castro (1984), for example, and 
reviewed by Bradshaw (1981) and Hancock and Bradshaw (1989). 
j f In general, there are two basic mechanisms by which FST interacts with boundary layers 
( or with separated shear layers (1) accelerated transition to turbulence and (2) enhanced 
miXing^ahd entrainment. In separated shear layers the overall effect of FST is often the 
, result of both mechanisms. Both the laminarjshear lajw aynd theja^ boundary layer are d t '~ue 
, * ' affected by the excitation of tKeTSnrinTroducing disturbances^and le^ earlier 
ofi^'X instability of the velocity profiles than in a low turbulence free stream. This results in very 
much higher skin friction due to the turbulent boundary layer and in an increase in heat 
transfer (McDonald and Kreskowsky, 1974). In addition there is a further increase in skin 
v friction if the FST level is changed outside a fully turbulent boundary layer. Both the free- 
stream turbulence length scale (FST L) or the dissipation length scale, since it is 
characteristic of the decay of the FST, and the intensity play a role. Hancock and Bradshaw 
(1983) suggested a plot of the fractional change (c f - c f0 )/c f0 of the skin friction parameter 
c f due to FST, where c f0 is the coefficient with minimal FST, against a purely empirical 
parameter P = l{u' 2 /ui) Xf2 /((L^/S) + 2)]. They could show that at least for Re 61 > 2000 
their data collapsed within a small band (Fig. 20). Castro (1984) on the other hand displayed 
that such a correlation does not hold for boundary layers with Re d2 approximately smaller 
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Fig. 20. Fractional increase in skin friction vs Hancock's Tree stream turbulence parameter'. Shaded region is 
Hancock's data with T showing his Re, » 1830 result Re, % ± 5%; A, 240$ 1350; □, 92a Other points (■) 

with Re ti shown. From Castro (1984). 

than 2 x 10 3 . The parameter ranges for the three relevant investigations are given in 
Table 3. 

It should be noted here that the majority of the experiments were performed with a FST 
lengthscale in the order of the boundary-layer thickness for which the interaction with the 
boundary-layer properties-is-felt to-be strongest. 

Results of the three investigations may be summarized as follows: 

(1) The logarithmic law was found to be extraordinarily insensitive to the variations of 
turbulence intensity (Hancock and Bradshaw, 1983). 

(2) The shape parameter H l2 is decreased with increasing Ac f /c /0 (Hancock and 
Bradshaw, 1983). 

(3) The w ake component o f the velocity profile is reduced (Hancock and Bradshaw, 
1983). ^ 

(4) For approximately Re 61 < 1000 the free-stream turbulence level shows a greater 
effect on H t2 than on c r , increases in skin friction are lower than those that would occur at 
higher Reynolds number, and the wake component does not fall so rapidly with decreasing 
Re n (Castro 1984). 

(5) Larger free-stream length scales penetrate further into the boundary layer but have a 
smaller effect on the mean flow (Hancock and Bradshaw, 1989). 

(6) The u-component intensity is attenuated by the surface constraint at distances from 
the surface less than about L { f \ Both the u- and w-components are increased in the same 
region (Hancock and Bradshaw, 1989). 

There is only one investigation (Hopfenziz, 1984) of the effect of the FST level (0.2% 
£ T ms ^ 8%, no length-scale data given) on an adverse pressure gradient boundary layer at 
low Reynolds numbers {Re si < 5000). Here Reynolds number effects still play an important 
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Author 


x 10"* 




(iT 2 ^ 


Hancock and 








Bradshaw (1983) 


1.6-6.0 


0.67-4.94 


0.018-0.06 


Castro (1984) 


0.45-2.4 


0.80-190 


0.023-0.07 


Hancock and 








Bradshaw (1989) 


Z&-5.2 


0.67-123 


002-0058 
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role. If the pressure distribution was kept the same for various FST levels, an increase in T Ui 
I shifted the maximum of the Reynolds shear stress uV closer to the wall and increased the 
/ / skin friction at a fixed position. A shift of the separation point in the downstream direction 
was observed only for values of T Ut larger than 4% and at most by about 10% for T u = 8%. 
For further investigations see Arrial (1977) and Hoffmann and Gonzales (1984). "* 



5.3.2.2. Free-stream turbulence interacting with separated boundary layers 



L 



In the case of a separating boundary layer three mechanisms due to FST may be of 
importance, the first two of which affect laminar boundary layers: (1) Disturbances 
introduced by FST lead to an earlier instability of the velocity profile than in a low 
turbulence free stream and possibly to reattachment of the separated boundary layer. 
(2) The interaction of FST with the separated shear layer originating at the leading edge of a 
body generates vorticity fluctuations into the shear layer which amplify downstream and 
affect the mixing process (this was discussed first by Bearman and Morel (1983) for trailing 
edge interaction). (3) In fully turbulent shear flows FST leads to an augmentation of 
turbulent mixing and an increase of entrainment. Both effects are more pronounced in 
separated shear layers than in wall bounded flows, since a wall attenuates the fluctuation 
velocity component normal to the wall. The interaction of the FST with the shear layer 
includes interaction with the coherent structures of the shear layer. Bearman and Morel 
(1983) suggest "that it is likely that the presence of a random turbulence field will reduce the 
spanwise coherence of the structures and this may in some way enhance the shear layer 
growth. Another possibility may be that the presence of fluctuations in the stream, feeding 
into the shear layer both at its origin and along its length, may modulate the strength of the 
coherent structures such that the pairing process is perhaps accelerated and shear layer 
growth enhanced". The second effect is a typical free shear-layer phenomenon whereas a 
reduction of the spanwise coherence to more three-dimensional structures could also occur 
in the outer region of boundary layers or in 'near-wall* shear layers. 

Whatever the effect of FST on the coherent structures may be, its main effect is to increase 
the entrainment in the separated shear layer which curves the shear layer inwards towards 
the wall and reduces the length of the separation region. There are at least four interesting 
geometries with reverse flow where the shortening of the reverse-flow region in at least 
nominally two-dimensional flows were investigated (Table 4). There are three relevant 
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Author 



Bearman 
(1978) 

Hillier 
(1976) 
Hillier and 
Cherry 
(1981) 

Nakamura and 
Ozono (1987) 



Castro (1988) 
Castro and 
Haque(1988) 
Scott (1980) 



Isomoto and 
Honami (1989) 



Configuration 



*At leading edge. 



Reynolds 
number 



WW 



(«' 2 )V«/ 



Comments 



£ 0.07 



£0.12 



8.5-5 



3.5-1.5 



(17-8) x 10* 0.64-1.95 £ 0.0935 data not Effect of length 
Rc h given in scale negligible 

figures 

(1.4-4.2) x 10* 0.5-24 0.069-0.128 — 



Re H > 2 x 10* 



5:0.8 



£ 0.087 



8.75-* 



Re B a 3.2 x 10* not given 



Effect of length scale 
negligible up to 
LJH*Z 



Not enough 
information 
given 
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studies of reattachment on the side face of a long plate of rectangular cross-section, one on a 
long sputter plate preceded by a square section cylinder, one on a long splitter plate in the 
wake of a normal plate, and two on a backward facing step. 

Up to ratios of LflH £ 2 the statement of Bearman and Morel (1983) holds that the 
reattachment length is decreased with increasing, turbulence intensity and there is no 
significant effect of turbulence scale. Nakamura and Ozono (1987) found that with a further 
increase in the scale ratio, the mean pressure distribution asymptotes towards the low FST, 
meaning that turbulence of very large scale is equivalent to a flow with slowly fluctuating 
velocity so that it can no longer influence the mean flow. Thus we expect the length of the 
reverse-flow region to increase again when the length scale ratio becomes larger than two. 

Castro & Haque (1988) claim that FST leads to an increased flapping motion of the shear 
layer just after separation, giving higher^axi al Reynold^str esses across the whole layer / \ i 
and that the turbulence structure of the ttowlfround reauac^iraiettt is different with and / L.J 
without FST. 

In these cases the separating shear layer leaves the body at an angle 90° to the 
approaching flow, and the initial part of the shear layer is highly curved. Bearman and 
Morel (1983) think that there is evidence to suggest that the sensitivity of a shear layer to 
FST is dependent on this separation angle. The effect of FST on the reattaching flow 
downstream from a backward facing step, where the shear layer separates parallel to the 
free-stream direction was investigated by Scott (1980), Westphal (1983), and Isomoto and 
Honami (1989). The latter authors used different kinds of grids, a two-dimensional rod on or 
above the wall, and a transverse cavity as turbulence generators near the step. The 
reattachment length was decreased by 25% if the FST level was increased from 0.25 to 
7.4%. Since the largest reduction occurred for the grid-rod combination (AO-R2 and 
FO-R2, see authors for notation), it is probable that in this case the structure of the 
turbulence, as expressed by a len g th scale, must have been changed. 



5.3.3. Perforated Obstacles 

Perforated obstacles in the free stream of a wind tunnel flow are usually screens or 
honeycombs. They are used to increase or decrease the turbulence level or to destroy swirl 
in the turbulence field downstream, and their properties were reviewed, for example, by 
Laws and Livesey (1978), Durbonovich et al (1981), Tan-Atichat et al (1982), Wigeland 
et al (1978) and Mehta (1984). There is a large number of references given by Bushnell 
(1984) on the flow through perforated fences or screens situated in wall boundary layers 
which were often investigated in connection with windbreakers. In the latter type of obstacle 
both boundary-layer thickness in relation to fence height and free-stream turbulence play 
an important role. Here we are not interested in either of the two types of perforated 
obstacles described above but in the downstream turbulence and drag of perforated blunt 
bodies with and without a splitter plate. A strong influence of the open area ratio on the 
separated flow region was found in the case of a perforated normal plate with a long splitter 
plate (Ruderich, 1985). The control of drag and turbulence properties of the flow down- 
stream from the obstacle shows features which are similar to those described in Section 
5.4.4. Besides this there are two interesting phenomena: (i) a distinct change in the flow 
properties if the porosity exceeds a certain limit and (ii) the memory of the flow downstream 
of its wake-generating mechanism. 



5.3.3.1. Perforated obstacles with a free wake 

The drag of perforated plates normal to an airstream was investigated by Castro (1971) 
with P as the ratio of open to total plate area. The drag coefficient c D plotted against 1//J 2 
shows a sharp increase up to about p = 0.2, followed by a kujkjind a further increase 
towards the limiting value c D « 1.86 for an impermeable pfate. Correspondingly, the 
Strouhal number S =/-c/« a0 (c is the plate chord width and w B the corrected freestream 
velocity) increases gradually with rising p until p = 0.2, where an abrupt reversal of slope 
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occurs, followed by a further steep increase of S. Pulsed-wire measurements of the mean 
flow velocity downstream from the perforated plate showed that the reverse-flow region 
behind the impermeable plate had detached and moved downstream. Its average position 
was now characterized by two free stagnation points. With increasing porosity the fluid 
through the plate separates the two shear layers originating at the upper and lower plate 
edge and moves the reverse-flow region and the location of the formation of the vortex 
street downstream until finally, at fi = 0.2, the vortex street ceases to exist It is not clear for 
which value of fi the reverse-flow region disappears. Gray and Sheldon (1982) comple- 
mented some of Castro's experiments and found that the normalized wake growth behind 
the solid plate is much faster than behind a perforated plate with fi = 0.425. They conclude 
that the different growth rate is due to the lack of a vortex street in the latter case. The same 
strong influence of the wake-generating mechanism on the downstream turbulence was 
found earlier by Bevilaqua and Lykoudis (1978), who compared the wakes of a sphere and 
a perforated disc (0 = 0.82) of the same diameter. 

5.3.3.1 Perforated obstacles with a splitter plate 

The shear layers which originate at the edges of a plate normal to an airstream can be 
separated by Weed air through the plate, by a splitter plate in the plane of symmetry of the 
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Fig. 21. Distributions of pressure coefficient c p , mean and fluctuating (rjxu.) skin friction coefficients c, and 4, 
and reverse-flow parameter vs x/h P (where h r is the fence height). From Ruderich (1985). 
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plate, or by both. The latter flow configuration was investigated by Ruderich (1985), and his 
wall data, plotted against the distance x made dimensionless by the fence height h Ff are 
presented in Fig. 21 for three values of the permeability ratio 0(0; 0.27; 0.42). Even without a 
detailed account of the experiment the reader will note that the two cases 0 = 0 and 0.27 
show overall similar trends for all four wall parameters, pressure coefficient c p , mean skin- 
friction coefficient c f , reverse-flow parameter x w » an °* fluctuating skin-friction coefficient c' f . 
The case 0 = 0.42, however, displays a completely different behaviour in that the reverse 
flow region is very short, followed by a region of almost constant positive skin friction, and 
a much reduced level of c' v The respective pressure distribution is on a much lower level, 
too, indicating a decrease of drag as compared with the less permeable plates. The changes 
in the structure of the turbulence are discussed by Ruderich; suffice it to mention here the 
decrease in the level of u^ x by a factor of about 3 and of u' if by a factor of about 2. This 
configuration has still considerable potential for influencing both turbulence structure and 
heat and mass transfer. 

5.3.4. Upstream Flow Unsteadiness or Wake 

There are many flow configurations where an upstream wake or an unsteady vortex 
street interacts with a boundary layer, and the interaction is quite different if the wake 
generator is inside or outside the boundary layer. Two-dimensional generators are mainly 
situated normal to the flow and parallel to the wall and consist of circular or rectangular 
cylinders, thin plates, or aerofoils, in single or^gn^enxarray (Fig. 22). The most important 
case for an obstacle generating a wake or a "vorticity trail" outside a boundary layer are 
multi-element aerofoils, as exemplified by the investigation of Zhou and Squire (1985) and 
Squire (review paper 1989)Tan3TneTnteraction of a circular cylinder or blade wake with 
a-boundarylayer,-as-in-aturbomachine; 

5.3.4.1. Turbulence manipulators inside the boundary layer 

Turbulence manipulators of the type defined above may be divided into two groups 
according to the main effects by which they influence the boundary layer (i) those which 
cause reverse-flow by touching the wall or are so deeply immersed in the boundary layer 
that vortex shedding has ceased, or both; (ii) those which still show vortex shedding or 
achieve a sustained lowering in skin friction, such as large eddy break-up devices (LEBUs). 
Coverage here of LEBUs is confined to a few remarks only. 

Bearman and Zdravkovich (1978) investigated the flow around a cylinder near to a wall 
in a turbulent boundary layer. They varied the following parameters: Reynolds number, 
based on the diameter D of the cylinder and the freestream velocity the ratio of D to the 




Fig. 21 Wake generators inside a boundary layer. 
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Author 


Re D x 10~* 


6/D 


G/D 


f'D 
5 = 


Bearman and 


4.5 


0.8 


0-0.2 




Zdravkovich 


2.5 






(1978) 










Marumo et al 


4.5 


as 


i02 


as 0.20 


0.75 


3.3 


1.37; 3.69 




(1978) 






0.25 




Tsiolakis et at. 


1.8 


2.6 


0l8; 4.7 




(1983) 










Muller(1985) 


Re, t = 3700 


2.6 


0.8 





Remarks 

— regular vortex shedding suppressed 

constant Strouhal number of 10 
high periodic fluctuations in one case 

Extensive measurement! of downstream flow 



boundary layer thickness 6, and the ratio of D to the gap width G between the cylinder and 
the wall (see Table 5). 

Pressure distributions around the cylinder showed that as G/D was reduced, there was 
always a mean force on the cylinder repelling it from the wall. This force falls very rapidly as 
the cylinder is moved away from the wall. The base pressure increased rapidly between 
G/D = 0.6 and 0.3 with no change of the Strouhal number. Shedding of vortices disappeared 
at G/D just less than 0.3 and separation bubbles formed on the plate upstream and 
downstream of the cylinder, attaching themselves to the cylinder when it touched the wall. 
Vortex shedding and a suction peak on the plate situated half a diameter downstream of the 
cylinder axis existed side by side. This brief summary probably displays all the main features 
of this type of wake/vortex/wall-bounded shear layer interaction. 

In the 'vortex-shedding parameter space* measurements were performed by Tsiolakis 
et al (1983) and M tiller (1985) of the relaxing boundary-layer downstream and the changes 
of the turbulence structure on its way to equilibrium. At x/D = 70, the measuring station 
furthest downstream, the balance of the kinetic turbulent energy in the outer layer still 
differed from that in a flat-plate boundary layer. This confirms results obtained by Marumo 
et al (1978) who found that the near- wall region recovered much more quickly than the 
outer region. Preston-tube data showed that the skin friction was hardly changed from the 
undisturbed flow for G/D « 3.69, was reduced by about 30% before increasing again to the 
undisturbed level for G/D = 1.37 (middle of the outer layer), and increased from separation 
just downstream from the cylinder to the undisturbed level for G/D = 0.250. An exploratory 
investigation on vortex generators submerged in a turbulent boundary layer was performed 
by Rao and Kariya (1988) and showed some potential of exceeding the performance of 
conventional vane-type vortex generators (see Section 5.14.2) 

Large eddy break-up devices (Fig. 22) are preferably situated in the outer 30% of the 
boundary layer and consist mainly of tandem configurations of aerofoils, thin plates, or flat 
- ribbons of chord <§ 0 (with <5 0 being the undisturbed boundary-layer thickness at the position 
of the device) spanning the entire width of the wind tunnel, and having a spacing of about 
8 6 0 between the devices. They change the structure of the turbulence in the boundary 
layer considerably resulting in a reduction of the skin friction (see for example reviews by 
Anders and Watson (1985) and Wilkinson et al (1988)). There appears to be no net drag 
reduction, however, after the device drag penalty is taken into account (Sahlin et a/., 1988; 
Lynn et al, 1989). 

Another turbulence manipulator was investigated by Roth and Leehey (1989). They 
optimized a honeycomb LEBU with a height slightly larger than the thickness of the 
undisturbed boundary layer, achieving a reduction in c f of almost 55%, greater in both 
magnitude and duration than that of aerofoil LEBUs. Although nothing was said about a 
net drag reduction, these authors suggest the possibility of a reduction in the fluctuating 
wall pressure which in some cases of acoustical applications is more interesting than a net 
drag reduction. 
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Among the many flow configurations where an upstream wake interacts with a boundary 
layer there is the case where the wake of one blunt body interacts with the boundary layer 
on another blunt body downstream, or the case where a vortex sheet from the trailing edge 
of a body merges with the boundary layer on a body downstream (as for a multi-element 
aerofoil), or the case of a blade which passes continually through the individual wakes from 
upstream rows of blades. 

Zdravkovich (1977) has reviewed experiments in the flow around two parallel cylinders in 
tandem arrangement positioned at right angles to the approaching flow. He found that the 
interaction between two closely spaced cylinders drastically changed the flow around them, 
produced unexpected forces and pressure distributions, and intensified or suppressed vortex 
shedding. Zdravkovich concluded his review by stating that the flow patterns provided 
phenomenological explanations but that their intrinsic nature remained a mystery. Here is 
apparently still a wide range of possibilities that can be explored for drag reduction. 

It is somewhat puzzling to note that most of the information on the flow interaction 
between a single wake and a boundary layer is buried in internal reports or conference 
proceedings. Squire (1989) displayed the experimental evidence in a survey in which he also 
discussed the phenomena causing separation on the main wing, for example the too early 
merging of the slat wake with the wing boundary layer or the too large increase of the 
suction peak auHiTeading edge caused by too large a gap between the slat and the wing. 
For a detailed discussion of the multi-parameter problem of the interaction of a wake which 
is initially above the boundary layer and the boundary layer in zero and adverse pressure 
gradients the reader is referred to Squire's survey. 

Squire (1989) addressed also the flow configuration of a wake originating from a blade in 
a turbomachine and affecting the boundary layer on the blade downstream. He points out 
two-important-efFects:^In the first place the flow is unsteadyrhoweverrmore importantis" 
the fact that the blades normally operate in the Reynolds number range where there would 
be considerable regions of laminar flow on the blade surface in a clean flow. Clearly the 
upstream wakes increase the overall turbulence level in the flow and thus bring transition 

forward The situation is further complicated if a laminar separation bubble occurs 

on part of the blade surface. In this case the turbule nt pat ches passing back over the surface 
periodically suppress this bubble." The main difference between this type of flow and those 
discussed in this review is the flow unsteadiness which is mentioned as an important 
phenomenon of separation control but will not be discussed here any further. 




5.3.5. Longitudinal Vortices Imbedded in a Boundary Layer 

The effects of longitudinal vortices on skin friction and turbulence structure of nominally 
two-dimensional boundary layers have been investigated for flows with and without 
separation. According to Bradshaw (see Shabaka et a/., 1985) "longitudinal vortices in 
turbulent boundary layers belong to the class o f 'slender' t urbulent flows, in which velocity faX 
gradients in the y and z directions are much larger than longitudinal gradients. Once 
formed, the angular momentum of a single longitudinal imbedded vortex is reduced only by 
the spanwise component of surface shear stress, which is usually very small. Therefore, 
isolated vortices in boundary layers tend to persist for very long distances downstream. 
Vortex pairs which are close enough to exchange angular momentum by mixing decay more , 
rapidly". These remarks set the pattern for many possibilities. 16 different vortex-pair j ■ 
configurations were studied by Pauley and Eaton (1988), for example. The case which was 1 
investigated most extensively was that of vortex interaction with common flow between the 
vortices directed towards the wall (common-flow-down). This flow caused the strongest 
distortion of the boundary layer over the widest streamwise extent Such a vortex pair 
moves apart as it develops, producing a thinning of the boundary layer between the vortices 
(see also Bradshaw and Cutler, 1987). Both the spacing between the vortices and the vortex 
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strength influence this process and can be used to delay separation of the boundary layer 
due to the increased skin friction. Pauley and Eaton also observed that the spanwise 
component of the skin friction was much larger in th e common-flow-down case^resulting in 
a stronger diffusion of vorticity and a shorter lifetime. In the common-flow-up case the 
spanwise skin friction decreases as the vortices lift each other away from the wall causing a 
thickening of the boundary layer. To establish an effective vortex pattern requires the 
correct choice of the vortex strength, of the spacing of adjacent vortices, and of their sense of 
rotation. Pearcey (1961) reports that an effective spacing is achieved only if the initial 
spacing of the vortices is greater than about three times their height. For a smaller spacing 
than this, the vortices (co-rotating) tend to damp one another and fail to maintain high 
velocities at the surface at any point in the cross-section of the boundary layer and the 
vortex flow. Counter-rotating vortex systems are effective in delaying separation (Pearcey) 
when they have extensive high energy regions in which the boundary layer is kept thin 
between alternate pairs of vortices. 

Single longitudinal vortices were investigated in ZPG b oundary layers by Shabaka et al. 
(1985) and Westphal et al (1987) and inAPGboundary layers by Westphal et al. (1985) and 
Mehta (1988). The latter author studiedexpenmentally the interaction between a longitud- 
inal vortex and a separated boundary layer at three transonic Mach numbers. At a Mach 
number of 0.7, the effect of the vortex was to delay boundary-layer separation on the 
downwash side and move it forward on the upwash side, with the distorted separation line 
forming a focus on the surface. Reattachment moved upstream in the region of the vortex. 
The main effect of the vortex was to transform a nominally two-dimensional separation 
region into a three-dimensional one. 

The effects of vortex generators and of the ensuing vortices on APG boundary layers were 
investigated by Schubauer and Spangenberg (1960) and on turbulent separated flow 
associated with a curved rearward-facing ramp by Selby et al (1989). 



5.3.6. Leading-Edge Vortices 

Vortical flow fields are generated, for example, due to separation at the leeward side of 
flow configurations, such as circular or conical bodies or delta wings at moSerate and high 
angles of incidence. For delta wings Gad-el-Hak and Blackwelder (1987) have listed 
some perturbation methods which can be used to control the separated shear layer at the 
leading edge: 

— a passive cavity system J:uned to a frequency range corresponding to the natural 
frequency of vortex shedding^ ~~~ 

— acoustical means, such as the use of an array of loudspeakers along the leading edge 
of a wing, 

— a piezo electric array embedded near the leading edge, 

— a heating element to provide an unsteady perturbation to the flow before separation, 

— blowing or suction through slots near the leading edge, 

— mechanical devices, such as vibrating ribbons, fences etc. 

This list should be supplemented by the effect of the vortex generated at the canard wing on 
the vortex of the delta wing (e.g. Hummel, 1988). ' ~ 

Only a few investigations using these control mechanisms have apparently been 
published so far and four of them are listed in Table 6. All investigations aim at influen- 
cing the two large bound vortices on the suction side of a delta wing which result from the 
separating flow along the entire leading edge forming a strong shear layer. Gad-el-Hak and 
Blackwelder (1985) noticed by flow visualization that the separated shear layer develops due 
to instability mechanisms into a series of discrete longitudinal vortices which are shed 
parallel to the leading edge at a repeatable frequency. The discrete vortices appear to merge 
and finally form the large bound vortex on each side of the wing. Gad-el-Hak and 
Blackwelder (1985) perturbed the flow at the leading edge by impulsively injecting at 
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Author 



Re, x 10" 5 



Sweep angle 
of A*wing*°' 



Angle or 
incidence <0) 



Penurbaiion 



Rao and Johnston 20 60 

(1980) 

Gad-el-Hak and 1-4 60 

Blackwelder 

(1987) 

Lowson 0.05-0.5 70, 80 

(1989) 



0-28 Vortex plate, slots, fences, 

pylon vortex generators 
10, 28 Periodic blowing or suction through 

leading edge slot 

20, 30 Acoustic forcing 



constant frequency a secondary fluid from a slot along that edge. By this mechanism the 
flowfield was altered significantly when the amplitude was relatively low and when 
the injection frequency was chosen to be a subharmonic of the shedding frequency of the 
discrete vortices. This procedure resulted in a more repeatable pairing of the discrete 
vortices and a more organized large vortex. Effects on the.se condarv sep aration on the wing 
and on vortex bursting are not known. One should also note that Payne et al. (1986) did not 
confirm the results of Gad-el-Hak and Blackwelder (1985). 

Two further control mechanisms may be addressed briefly: Rao and Johnston (1980) 
investigated four different leading-edge flow manipulators on delta wings. They found the 
'vortex plate' to be the most efficient device which utilizes the suction effect of a vortex 
produced by controlled separation in front of the leading edge. Lowson (1989) applied 
acoustic forcing to the separated vortex flow over a delta wing and found an interesting but 
as yet unexplained effect that at higher sound levels the effect of acoustic forcing caused 
large scale breakdown of the flow. 

5;4— MANIPULATION-AMD GONTROtOF-SEPARA^^ 

5.4.1. Introductory Remarks 

In external flows separation occurs either at fixed positions, for example at the leading or 
trailing edge of a blunt body (fixed sepa ration), or it moves from the trailing edge of a 
slender body or aerofoil upstream Tvhen the angle of incidence is increased until it reaches 
the leading edge (free separation). In some cases the separation region will be open in the 
downstream direxfftffi "aWiinnher cases it will end in a reattachment line forming a closed 
reverse-flow region or a separation bubbl e. Appro pri ate to the position on a body where 
separation occurs methods of controlling and manipulating separation have been described 
for the leading edge, the main body, and the trailing edge. 

Separation at the leading edge may be caused by a blunt leading edge, by the upstream 
movement of the separation position in a turbulent boundary (mainly at high Reynolds 
numbers and large angles of incidence), or by the so called burst of the laminar separation 
bubble present on the airfoil nqsejmainly inJpaUteynolds number flows). Separation from 
the leading edge is also calle^sta^whereas^r ^-stair^ enotes separation downstream from 
the leading edge and 'posfcstalHmaracterizes flow conditions at angles of incidence of an 
airfoil beyond the stall angle. 

Separation in the region near the leading edge is crucial in determining the lift at large 
angles of incidence. To influence this separation region it is necessary to influence the 
separated shear layer which forms downstream from the separation point and to force it to 
reattach to the aerofoil surface. That the spreading rate in a free mixing layer can be 
influenced by controlled periodic oscillations at the beginning of the layer (Oster et al~> 
1978), suggests that a separated laminar or turbulent boundary layer may be manipulated 
in a similar way. This manipulation can be achieved by suction or blowing, by a vibrating 
ribbon, by an oscillating flap, or by acoustic excitation, and will be discussed in Sections 
5.4.3.1 to 5.4.3.3. 

Another important phenomenon connected with separation near the leading edge is a 
separation bubble which occurs almost always on wings of low Reynolds number vehicles 
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(e.g. Mueller, 1985) but has been observed anywhere in the range Re c £ 10 6 , where Re c is 
the > chQ£d^eynolds number. Separation bubbles are formed when the boundary layer 
separates from the surface ot&n aerofoil in a laminar condition, with transition following in 
the separated shear layer. A short bubble produces a relatively small effect on the pressure 
distribution and the resulting effects on the lift and drag of the aerofoil are usually 
negligible. For a large enough angle of incidence and a low Reynolds number the short 
separation bubble may either burst and reattach, leading to a long bubble (Young, 1977), or 
burst without reattachment, leading to open sepa ration. In both cases the pressure 
distribution is changed significantly, the lift is reduced, and ttie drag is increased. A criterion 
for bubble burst with reattachment depending on the pressure rise over the bubble length 
and the Reynolds number Re 62 (where S 2 is the momentum loss thickness at separation) was 
given by Gaster (1966). For a discussion of two-dimensional (unswept) and swept bubbles 
the reader is referred to Young (1977), for example. The manipulation of bursts leading to 
open separation bubbles will be dealt with in Section 5.4.2. In many cases it does not appear 
to be clear, however, whether leading edge stall is caused by the separation of the turbulent 
boundary layer or by the burst of the separation bubble. Van den Berg (1981) showed in a 
theoretical analysis that turbulent boundary-layer separation in the nose region may well be 
the dominant cause, especially at higher Reynolds numbers. 

Methods of controlling and manipulating separation along the main body surface have 
been discussed in Sections 5.2 and 5.3 so that the final part of this section can be confined to 
the manipulation of base drag flows (Section 5.4.4). 

Drag resulting from separation regions at the trailing edge of a flow configuration is a 
pressure or form drag, since the base flow has a lower pressure than it would have if the flow 
were inviscid. At the trailing edge separation may occur at a fixed position, such as at a 
sharp edge, or may vary its position, as in a diffuser or on the rear part of an airfoil. As 
mentioned earlier, Prandtl (see Betz, 1961) recognized the importance of increasing the base 
pressure by delaying separation at the trailing edge of a blunt body, by replacing parts of the 
wall by two counter-rotating cylinders (moving the wall in the flow direction) or by forcing 
transition on a sphere and thus reducing the size of the separation region (Prandtl, 1914). In 
this latter case the turbulence increased the friction drag but, by decreasing the form drag, 
decreased the total drag. 

The form drag differs considerably between different flow configurations and Mair (1978) 
explains how this can happen: "A two-dimensional bluff body in a stream at low Mach 
number generates a wake in the form of a Karman vortex street, a regular array of vortices 
with circulation of alternate sign. This vortex wake is known to be associated with a large 
drag force on the body, and any device that causes the vortices to form further away from 
the body gives a reduction of drag." This has been achieved by splitter plates. Roshko (1954) 
and Bearman (1965), for example, have shown that a splitter plate with a length equal to 
only onejbase height can in some cases reduce base drag by as much as 50%. The vortex 
street is"sup^resse3ehtirely with a longer splitter plate and the base drag may be reduced by 
60% or more. Splitter plates in the wake of a normal flat platTmocfify the drag and the 
vortex shedding monotonically as L/H increases from 0 to 3 (here L denotes the length of 
the splitter plate and H the height of the normal plate). For longer splitter plates the drag 
coefficient remains constant at 1.84 and vortex shedding has ceased (Apelt and West, 1975). 
Unfortunately other important information is missing in this latter investigation, such as 
upstream turbulence level and structure or blockage in the wind tunnel, both of which affect 
the separation region (Smits, 1982) and thus c D ; this confines the generality of the statement. 

Mair (1978) states furthermore that "some three-dimensional bodies generate wakes in 
which there is noticeable periodicity, indicating some regular pattern of vortex shedding, 
but for axisymmetric bodies any regular vortex shedding is only a minor feature of the flow. 
Correspondingly, the drag coefficients of axisymmetric bluff bodies, based on their frontal 
areas, are usually considerably smaller than those of the related two-dimensional bodies" 

These observations refer mainly to 'open' base drag regions, meaning regions where the 
wake or the vortex street are not influenced by a wall downstream of the generating body. 
This case is discussed first, followed by a discussion of the control of base drag in flows 
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where a wail plays an important role, acting as a splitter plate with or without reattachment 
or, permitting the growth of a new boundary layer which then interacts with the reattached 

shear layer. . MQQ ^ 

At the end of this introductory section one may mention a study by Ludwieg (WW) 
attempting to minimize drag for a motor-car-like configuration were suggestions were made 
to reduce both leading and trailing edge separation. 

5.4.2. Manipulation of Separation Bubbles 
5.4.2.1. Separation bubbles near the leading edge of aerofoils 

Depending on the strength and structure of ambient disturbances laminar separation 
bubbles on airfoils have been observed anywhere in the range Re c £ 10 6 , where Re c is the 
chord Reynolds number. Even at low angles of incidence the laminar boundary layer on the 
upper surface of an aerofoil encounters an adverse pressure gradient which can cause 
separation. The shear layer may never reattach to the aerofoil or may go through transition, 
in which case it may reattach, creating a closed bubble. The formation of a laminar 
separation bubble can be controlled actively (see Section 5.4.3.) or the bubble as such may 9 * 
be prevented by passive means, such as by roughness elements or spo ilers which force ^ ^ 
transition. However, such manipulation must be tailored to the operalnigconditions and 
can easily cause drag penalties (e.g. Carmichael, 1981; Lissaman, 1983; Mangalam and 
Pfenninger, 1984). It is also well known that laminar separation bubbles are easily affected 
by the disturbance environment, such as the acoustic or turbulence level in a test section 
(e.g. Marchman, 1987; Marchman et al t 1987; O'Meara and Mueller, 1987). These 
parameters of influence would have to be incorporated into calculation methods for laminar 

separation ^h\^ such as into t hat of van In gen ( 1975) which takes into account only 

Reynolds number and a mean velocity gradient parameter. 

O'Meara and Mueller ( 1987) varied chord Reynolds number, freestream disturbance, and 
angle of incidence. They found the pressure distribution upstream of the separation bubble 
to be highly dependent not only on the angle of incidence but also on the chord Reynolds 
number and the disturbance environment. As the chord Reynolds number or the upstream 
turbulence level are increased, the bubble decreased in length and thickness, decreasing the 
pressure plateau near separation and increasing the suction peak. 

5.4.2.2. Separation bubbles near the front edge of blunt bodies 

A flow approaching a blunt body is decelerated in the region of the stagnation point, 
accelerated in the boundary layer on the blunt face, and separates near the sharp front edge 
of the body forming a separation bubble or an open separation region according to the 
length of the body in the main-stream direction. Since the separation bubble and the open 
separation region increase the total drag of a blunt body, it is necessary to control them. As 
was shown by Hoerner (1965) the drag coefficient of a two-dimensional square cylinder can 
be reduced from c D = 2 to close to 1 if the corners are rounded so that the square cylinder 
becomes cylindrical. The drag of a flat faced circular cylinder (Fig. 23) aligned coaxially with 
the freestream can be reduced passively in at least four ways all of which have in common 
that the separation bubble near the front edge of the cylinder is reduced or even eliminated: 
firstly by rounding the edge of the front face, secondly by fixing a hemispherical forebody, 
thirdly by fixing strakes to the front face, and finally by shielding the cylinder face by a disc 
placed coaxialirupstrearR. This shielding effect is brought about by the interaction of two 
bluff bodies. Koenig and Roshko (1985) distinguish two cases: -(1) If one body is far 
downstream in the wake of another one, the drag of the downstream body is reduced owing 
to the reduced dynamic pressure in the wake in which it is immersed, while the drag of the 
first body is unaffected. This may be called a weak interaction." (See also Section 5.3.4.2.) 
"(2) When the downstream body is brought close to the base of the first one, the drag of the 
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Fig. 23. A coaxial semi-infinite cylinder with (a) rounded edges, (b) a hemispherical nose cone, (c) a coaxial disc 
upstream, and (d) with sound excitation emanating from a gap at the leading edge. From Koenig and Roshko 
(1985) and Sigurdson and Roshko (1988). 



former may be significantly reduced. In addition, the drag of the first body may be strongly 
affected; this would be a strong interaction." 

Koenig and Roshko (1985) investigated the reduction of drag and the elimination of the 
separation bubble near the front edge of a flat axisymmetric cylinder by placing a sharp 
edged disc connected to the cylinder coaxially upstream, varying the diameter ratio dj d 2 of 
the disc and the cylinder and the gap ratio g/d 2 (Fig. 23). There was no interference between 
the leading edge flow and the base flow downstream. Drag reduction was measured for the 
forebody system only which consisted of the disc, the sting forming the connection to the 
cylinder, and a short segment of the cylinder downstream of its face. The Reynolds number 
based on the diameter of the cylinder d 2 was 5 x 10\ The drag coefficient (blockage 
correction applied) was found to be reduced from 0.75 for the flat-faced cylinder without a 
forebody to 0.03 with the forebody as the 'absolute* minimum. In the (d l9 d 2 , g) space this 
value was found to characterize two stable minimum regions (Table 7). 

Under these conditions, the disc is in a range where the separation streamline springing 
from the disc can reattach at or near the shoulder, in a cavity configuration close to the free 
streamline ideal. Turbulence measurements show that compared with higher drag cases the 
low-drag case (II) displays some distinct features: the turbulence is quite small midway into 
the cavity, the Reynolds shear stress - u' v' is very small except for a narrow peak in the 
shear layer ( - p u' v' /(p u 2 x ) = 0.004), the separated shear layer spanning the cavity is thin, 
and the flow within the cavity appears to be a fairly well defined and steady vortex with a 
fairly high level of Reynolds stress deep in the cavity. It is interesting to note that case II 
(disc ahead of body) is practically identical to the optimum geometry found by Mair(1965) 
for a disc behind a body (see Section 5.4.4,1). 

Morel and Bohn (1980) investigated the interaction of two discs placed normal to the flow 
in tandem. For the single disc (diameter d 2 ) the drag coefficient c D was 1.15. If a second disc 
with a diameter 0.8 d 2 and a gap ratio g\d 2 = 0.54 was placed ahead of the first disc c D 
reduced to a value of 0.21. 

The drag on the blunt faced circular cylinder (Koenig and Roshko, 1985) can, of course, 
be drastically reduced by rounding the corners. With a corner radius equal to one-eighth the 
cylinder diameter, and with a roughness on the face (to make the boundary layer turbulent 
and thus to prevent premature laminar separation) the drag coefficient was less than 0.01 for 



Table 7 

I II 



</,/<** 0.875 0.75 

g/d t 0.094 0.25-0.50 
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Re > 4 x 10 s . The drag coefficient could be reduced further by replacing the frontbody 
(disc) by a hemispherical nose with the same radius as the cylinder. For zero gap the 
forebody drag coefficient was of the order C|> = 0.005. As the gap is increased from zero 
the drag coefficient increased and in the range 0.25 £ g/d 2 £ 1.5 the forebody system with 
the disc had less drag than the one with the hemisphere. 

In potential flow in an infinite stream such a cylinder, assuming it to be an infinite half 
body, would have zero drag, the high pressure near the centre of the face being balanced by 
the suction near the edge. The drag is then due to the loss of suction near the edge of the 
front face as a consequence of separation from the edge. Pamadi et ai (1988) have attempted 
to increase suction near the edge of a square faced cylinder by fitting two strakes on the 
front face. By optimizing the height and position of these strakes drag reduction of about 
80% was achieved for Reynolds numbers up to 1.1 x 10 5 . A second effect to reduce drag in 
addition to the increased negative pressure region on the windward face was the smooth 
reattachment of the separated shear layer close to the corners of the blunt body. 

Sigurdson and Roshko (1988) extended the experiment of Koenig and Roshko (1985) 
using active control. They investigated the effect of a periodic velocity perturbation on the 
separation bubble downstream of the sharp-edged blunt face of a circular cylinder. The 
forcing technique used was to generate acoustic waves inside the cylinder by oscillation of a 
loudspeaker located there. Via a small circumferential gap just downstream of the separa- 
tion line communication to the external flow was possible and velocity fluctuations could be 
superimposed. The Strouhal number (St = F n D/u n of excitation was 3.1— being in the 
range where the drag was a minimum — the amplitudes of excitation (as measured in 
the gap) were u'/u^ = 3.9% and 7.8%, and the Reynolds number was 1.32 x 10 5 . The 
reattachment length was reduced a maximum of 10% and 31% for the respective forcing 
amplitudes. The authors conclude: "The flow is considerably modified when forced at 
frequencies for which associated wave len g ths are comparable to bubble hei g ht. At hi gh 
Reynolds numbers these wave lengths are greater and the forcing frequencies are lower than 
those of the initial Kelvin-Helmholtz frequencies of the separating free shear layer. Forcing 
then increases entrainment in the early part of the shear layer; as a result, reattachment 
length, bubble height, pressure at separation and drag on the face, are all reduced." 

For a further discussion of separation control by acoustic forcing the reader is referred to 
section 5.4.3.2. 

5.4.3. Control of Leading-Edge Separation 

5.4.3.1. Vibrating ribbon or oscillating flap 

Vibrating ribbons are used extensively to generate small amplitude disturbances in 
laminar boundary layers and to start the transition process. Turbulence-generating wires 
can also be placed parallel to the leading edge of a low Reynolds-number airfoil with the 
purpose of influencing the laminar separation bubble. In both cases velocity perturbations 
ar e imparted to the flow by active control and may affect the separated flow in three ways: 
(1) they may shorten or even avoid the laminar separation bubble at low Reynolds numbers 
and high angles of incidence, (2) they may force they separated -laminar or turbulent 
boundary layer to reattach or (3) they may eliminate th ^hysteresis l oop jwhich is a result of 
laminar bubble breakdown and reformation during stall and stalTrecovery resulting in 
severe control problems. For a Wortmann FX 63-137 aerofoil, Neuburger and Wygnanski 
(1987) found that if a typical ^incejrtionof stall at a prescribed Reynolds number occurred at 
an angle of incidence a = 18°, the recovery from stall might occur at a = 10°. Placing a 
vibrating ribbon at the position of the origin of the separation bubble eliminated the 
hysteresis loop and increased the stall angle from 15° to 18° (see Table 8). The hysteresis 
phenomenon depends on the surface smoothness, the Reynolds number, the noise level and 
its frequency content, as well as on the turbulence level in the free stream (Marchman 
et aU 1987). 
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Table 8 



Author 



Configuration 



A'w/u 0 



Position/chord 
of oscillator 



Koga (1983) 

spoikr-like flap 
Ncuburgcr and 
Wygnanski(1987) 
vibrating ribbon 

Nakamura and 
Ozono (1987) 
oscillating leading 
edge spoiler 



ZPG + APG 

boundary layer 
NACA 0015 



FX-63-137 
flat blunt plate Re a 

I 



Re ti « SOO-3500 0.075 — Downstream from wedge flow 

separation 

4 x 10* 0.9 0.1 

2 x 10 3 0,9 3 x to** 0.1 

> 1.4-4.2 x 10* 0.12 — at blunt leading edge 



H 



Katz et oJL (1989) 
flaperon 

Bar-Sever (1989) 
oscillating wire 



P255 

LRN (1) 
1010 



3 x 10* 



1.5 x 10 5 



1.6 



0.14 



-0.01 



Bar-Sever (1989) investigated the effects of periodic forcing of the separated shear layer 
for a range of post-stall angles of incidence of an aerofoil. He forced a 0.1 mm tungsten wire 
to oscillate at its fundamental natural frequency by passing an oscillating electrical current 
through it. The wire was located about 1.5 mm upstream from and parallel to the leading 
edge of the aerofoil Forcing increased the maximum lift coefficient from 1.43 to 1.60 and 
shifted the angle of incidence at which it occurred from about 11° to 20° with separation 
moving from about 70% to 80% chord (for the 20° case from the leading edge to 80% 
chord). The wire oscillation amplitude was kept constant at all forcing frequencies (no value 
given) and the dimensionless frequency / + is of the order of one (see Table 8). Hot-wire data 
given do not appear to be very reliable, since no information is provided on the degree of 
instantaneous reverse flow. 

Small amplitude oscillatory motions may also be introduced by small flaps or flaperons 
near the leading edge. Katz et ai (1989) investigated the influence of an oscillating flap 
(height 10 mm, oscillation amplitude ± 1 mm) on a separating turbulent boundary layer 
along an inclined flat wall. Activating the flap at frequencies corresponding to Strouhal 
numbers based on initial momentum thickness {St = / 5 2 / u init)> which are smaller than 0.01, 
and at reference amplitudes u'/u init > 0.25% resulted in a complete reattachment of the flow 
to the surface. It was found that the proportions of the 'wall' and wake functions in the 
reattached boundary layer were changed and that the large scale coherent structures had 
a greater spanwise extent near the solid surface in the forced case. 

Nakamura and Ozono (1987) investigated the effect of a ^spojler oscillating vertically at ^J-j 
the blunt leading edge of a rectangular flat plate with amplitudes of 0.05 H and 0.1 H and ? . 
\ found from the mean pressure distribution that the main effect of the spoiler oscillation was < 
\ to shorten the leading edge separation bubble; it shortened as the flow velocity decreased. 
The effects of an oscillating spoiler-like flap in zero and adverse pressure gradient flows were 
investigated by Koga (1983) and Chen and Shiying (1989). The former author showed that a 
two-dimensional separated flow region can be controlled by the generation of vortices of 
size of the order of the separation height and that the most effective reattachment control 
occurs near / + of about 0.075. The latter authors used a 'flapping spoiler* on the straight 
wall to control separation in an asymmetric 15° diffuser so that the position of the 
separation region was changed in a flip-flop-like manner between the two walls. The 
optimum position for the spoiler was found to be on the straight wall opposite the locus of 
separation on the inclined wall. 

Work on closed loop control of a round jet/diffuser is in progress (Koch et ai, 1989). The 
diffuser flow exhibits transitory stall, and eight radial on/off jets are used as the actuators 
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and four hot-wire probes as the sensors to attempt to stabilize the jet in the centre of 
the diffuser. 

As may be seen from the scanty results presented above, the control and manipulation of 
separated flows by means of oscillating spoiler-like devices and control jets is still in its 
jnjancy^and needs further investigation. Table 8 shows, however, for the Reynolds number 
range of the experiments on aerofoils, 10 5 £ Re c ^ 10 6 , that the effective dimensionless 
frequency / + =/*c/u 0 lies between 0.9 and 1.6, and that the position of an effective 
oscillator should be very close to the leading edge. 



5.4.3.2. Acoustic excitation 

It is well known that sound of particular frequencies and intensities can influence the 
transition process, and that both 'external' sound and sound emitted 'internally* through 
oegnjugs in, the .hc^s^face will initiate transition. "~ 

The bulk of the investigations discussed below (see Table 9) is concerned with the control 
of pre-stall, stall and post-stall flows over aerofoils and thus goes beyond leading-edge 
separation (stall) discussed in Section 5.4.3. The control of flow separation by sound was 
investigated by Collins and Zelenevitz (1975) and later more extensively by Ahuja and 
Burrin (1984). A survey of some investigations is given in Table 9. Besides this, there are two 
papers which deal with circular cylinder flow (Hsiao et a/., 1989) and with a backward facing 
step (Bhattacharjee et a/., 1986), respectively. The important question is the sound pressure 
level(SPL) required to fully or partially attach the flow around an aerofoil as a function of 
sound frequency, chord Reynolds number, and angle of incidence in order to increase the lift 
coefficient, decrease the drag coefficient, and extend the operating range of the aerofoil 
(Collins and Zelenevitz, 1975). Some answers were provided for specific aerofoils in the 



T? 



chord Reynolds number range 6.3 x 10 3 to 5.4 x 10 s , but even for these cases many _ 
questions concerning, for example, the flow quality, the two-dimensionality of the flow, the V 
turbulence level, and the acoustic background remain open. The latter two parameters are * 
of special importance (see Marchman et a/., 1987), since investigations of the same aerofoil 
showed different results in different wind tunnels, raising the question whether these wind 
tunnel data can be applied in free flight. A catalogue of questions concerning the 
mechanisms of sound interaction was prepared by Zaman et al (1987) and is reproduced 
and extended here: 

— How does the observed effect depend on the chord Reynolds number (Re c — • c/v) and 

on the angle of incidence a? 
— How critical is the intensity of the incident sound wave? 

— Is stall suppression a continuous function of frequency or effective only at certain 

frequencies? What is the^n^ejopecif_the effective excitation frequencies? 
— How does the effective excitation frequency / ejic .scale? 
—Which component of the velocity fluctuations is most effective for excitation? 
—How does wind-tunnel resonance affect the flow? 

—Does a specific sound field influence the transition process in the laminar boundary layer V~^\ \ 
or in the separated shear layer or both? \ J \ T 

— What is the receptivity process through which vortical disturbances are excited by sound 
waves? 

— How does tunnel noise and/or turbulence level influence separation control and possibly 
hysteresis effects? 

Answers to these questions are definitely always of academic interest but would be of minor 
practical importance, especially at higher Reynolds numbers, say 10 6 , if separation control 
by oscillating flaps, for example, were to turn out to be more effective and less dependent on 
wind-tunnel conditions, thus easier to transfer to free flight. Bearing in mind that results 
quoted below may refer only to one specific aerofoil under specific wind-tunnel conditions, 
the following preliminary answers may at least give some guidance. Acoustic excitation is 
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found to significantly influence the flow separation over an aerofoil for chord Reynolds 
numbers Re c below approximately 10 5 but the strength of the effect changes with the 
state of separation (pre-stall, stall, post-stall). For example Zaman et al (1987) found the 
following: 

(1) For a chord Reynolds number Re c = 4 x 10* and an angle of incidence a = 8°, 
laminar separation (low pre-stall) could be removed and the lift coefficient c L increased by as 
much as 50% compared with when the separation region was furthest upstream. The 
corresponding Strouhal number {St = /„ c ■<:/«„) ranged from 5 to 1 and the amplitudes 
were at most 10 dB higher than the background level Excitation at higher frequencies 
was ineffective. 

(2) For the same chord Reynolds number and amplitude (SPL) but at angles of incidence 
in the range 10° ^ a £ 15°, i.e. at high pre-stall, practically no improvement in c L could be 
achieved. Instead, for certain high f txc a decrease in c L was found. 

(3) For post-stall conditions (here a = 18°) —other parameters unchanged— the Strouhal 
number range was larger (4-25) and c L could be increased if the amplitude of excitation was 
increased. 

If acoustic excitation was effective a narrower wake was observed yielding a drop in 
the drag. 

At higher Reynolds numbers {Re c = 10 5 ) and post-stall conditions (a = 18°), the effective 
Strouhal-number range shifted to 6-60 and the amplitude had to be increased by 8 dB. For 
each specific aerofoil there is, of course, a limiting angle of incidence where excitation does 
no longer affect the separated flow. 

Zaman and McKinzie (1989) found that for pre-stall conditions and a Reynolds number 
range 2.5 x 10* < Re c < 10 5 the most effective frequency for separation control scales with 
t/J>/ 2 which corresponds with the parameter St J Re? 2 falling in the range 0.02-0.03. A 
valueof O:035Ta1irJe^lcuIate^ 
this value is close to the above range. 

Little is known about the velocity fluctuations causing the most effective excitation and 
the available data is slightly contradictory. Zaman et al (1987) indicated that the effect was 
strongest whenever a large v' fluctuation was induced, and this could be enhanced by tunnel 
cross-resonances, especially when large amplitudes were required. Zaman and McKinzie 
(1989) showed that u r and v' fluctuations were equally effective in the excitation of the flow, 
however at different frequencies. The amplification of the imposed perturbation took place 
primarily in the downstream shear layer rather than in the upstream boundary layer which, 
as shown by stability analysis (Zaman et al t 1987), is insensitive to the imposed perturba- 
tions. Nishioka et al (1989) confirmed that the receptivity and instability of the separated 
shear layer are the important properties. The shear layer rolls up into discrete vortices right 
at the leading edge almost without a stage of growing travelling waves. These vortices 
enhance entrainment leading to reattachment as long as their scale (thickness of the 
separated shear layer) is matched to that of the separation bubble. Huang et al (1987) 
showed that with the injection of sound emanating from a narrow gap in the vicinity of the 
leading edge of a symmetrical aerofoil (Re c = 3.5 x 10 4 ) at or above the shedding frequency 
of the shear layer the separation region was drastically reduced. For a recent review on 
boundary-layer receptivity to unsteady pressure gradients the reader is referred to Nishioka 
and Morkovin (1986). 

All the above investigations were performed in flows where the turbulence level in the 
freestream was 0.25% or larger, with the exception of Zaman and McKinzie (1989) where 
Tu was 0.1%. Such a relatively high turbulence level causes additional difficulties in 
separating aerodynamic from sound-excited effects. Marchman et al (1987) therefore 
performed experiments in a low turbulence wind tunnel (Tu « 0.02%) with no measurable 
standing waves. The ambient turbulence of the wind tunnel was most pronounced in 
magnitude in the 10-20 Hz range, and this part of the spectrum was amplified by a 
turbulence grid. An increase from 0.02 to 0.2% almost eliminated the hysteresis loop. The 
additional turbulence (see Section 5.3.2) was capable of restoring attached flow over the rear 
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half of the wing, but not full suction around the leading edge of the aerofoil. The effect 
decreases with increasing Reynolds number (Re e > I0 5 ). Acoustic disturbances increased 
the angle of incidence at which initial stall occurred, a phenomenon that is highly frequency 
dependent (here at a = 10° and with an SPL of 1 10 dB, /„ c was 4830 Hz) and not seen with 
the increase in free-stream turbulence. Furthermore tests showed that a disturbance of the 
proper frequency and pressure level can often completely restore a fully separated flow to a 
fully attached state, which remains stable and attached after the disturbance signal is 
removed. That the influence of an acoustic disturbance is so frequency-dependent emphas- 
izes the importance of knowing the frequency spectrum of any disturbance. 
Experiments in a backward-facing step flow (Bhattacharjee et ai t 1986) showed that the 

| spreading rate of the separated shear layer increases and the reattachment length decreases 

j when acoustic forcing is applied in a Strouhal number of 0.2-O.4 (St =*fH/u m where H is 
the step height and the freestream velocity prior to the step edge). The controlled forcing 
apparently affects the separated flow by enhancing the vortex merging process and by 
increasing the spanwise extent of the resulting structures. The effects of the forcing were 
^ found to be relatively independent of flow conditions and upstream boundary layer 

— ! properties within the range 2.6 x 10 4 ^ Re a £ 7.6 x 10*. 

The trailing-edge flow of a LEBU, where acoustic wave ighasp -bck^to the large scale 

j structure interacted with a large-eddy break-up device was investigated i by Nagel (1988). 
Both turbulent mixing and skin friction were reduced. 

5.4.3.3. Suction or blowing 

To control separation in the leading edge region suction and slot blowing have also been 
investigated (e.g. McLachlan, 1987) but have not been used in many practical applications. 
Suction could become important, however, in minimizing cross-flow instability on swept 
wings. The suction orifices at the leading edge could also double as a leading-edge cleanser 
^ discharge, system to prevent accumulation of dirt and insects during the low-altitude 
^cBr5^ut(Thomas, 1984). Slot blowing at the leading edge of turbine blades has been used 
mostly for cooling purposes and will not be discussed here. 



5.4.4. Manipulation of Base-Drag Flow 
5.4.4.1. Open base-drag regions 

Mair (1978) presented an extensive discussion on drag-reducing techniques for the 
subsonic flow around blunt based bodies (see also Tanner (1975) for compressible and 
incompressible flow and Heffner et ai (1977)). One special configuration is a boat-tailed 
afterbody terminating in a blunt base with a smaller area than that of the main body. The 
addition of a conical body to match the shape of the boat tail would give the 'streamline* tail 
piece (Fig. 24a). 

In the case of blunt-based bodies of revolution Mair concluded that a boat-tailed afterbody 
is much more effective than any other device that had been tried. This conclusion was based 
on experimental results obtained from bodies aligned with the flow direction, with small 
overall length (here L/D « 3, where L is the length of the cylindrical body and D its 
diameter) and thus a thin upstream boundary layer, with fairly large cone angles 20 of the 
boat tail (between 40° and 50°) and a smooth transition of the contour between boat tail 
and main body, and with a turbulent boundary layer without separation ahead of the base. 
The best boat-tailed afterbody found by Mair (1969) was a cone with /? = 22°, joined by a 
curved fairing of length 0.5 D to the cylindrical body at A (see Fig. 24a). The position shown 
for B corresponds to L/D = 0.76. 

All design measures discussed by Mair (1969) were aimed at keeping the boundary layer 
attached down to plane B and at increasing the pressure recovery. The philosophy can be 
taken further by designing a short tailed body with optimum pressure recovery which 
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(a) 



Boat- toiled afterbody 
according to Mair (1969) 



(b) 



4- 



Boat-taited afterbody with disc 




Toil designs for laminar ® and 
turbulent ® flows over a 
hemisphere-cylinder 
forebody (L/D = 8) 
from Smith et al. (1931) 



Fig. 24. Various afterbody shapes, (a) and (b) from Mair (1969) and (c) from Smith et al (1981). 




avoids separation (Smith et al (1981), see Fig. 24c and Section 5.2.2) or by increasing the 
pressure downstream of B by mounting a disc behind the base (Fig. 24b). The latter was first 
suggested by Mair (1965) who gives credit for the physical effect to Migay (1962) who 
applied it to the ribbed diffuser (see Fig. 25a). He introduced the teller beari ng* effect of 
certain cavity flows, which ensures that the flow outside the cavities follows the ribs fairly 
closely, resulting in a good pressure recovery even for large cone angles (up to 40°). Migay's 
and Mair's suggestions were combined in circumferentially-grooved afterbodies (Howard et 
a/., 1981, 1983; Fig. 25c). Discs or ridges between the grooves may have edges which are 
rounded or sharp, the former showing slightly better results for drag reduction (see Mair, 
) 1965, Figs 4 and 5). 

Returning to the afterbody with one or two discs mounted downstream we find several 
interesting results (Fig. 26a): (i) the greatest drag reduction obtainable by adding a disc to 
the short body (rounded nose with cylindrical body [L/D = 4.69)) is Ac D = 0.053, which is 
35% of the base drag of the simple body. For the long body (L/D = 10) the drag reduction 
was always less (here 30%). (ii) 'Drag reducing devices' can also lead to drag increases which 
can be much larger than the drag decrease. In the high drag regime (x/D a 0.3 of Fig. 26a) 
low frequency oscillations were observed connected with an inward and outward movement 
of the shear layer. This implies that in this regime the usual balance betweeen air flow 
entrained and diverted back into the cavity by the disc is unstable (Mair, 1965), (for a more 
detailed investigation see Little and Whipkey (1979)). The disc configuration was therefore 
replaced by a solid boat-tailed afterbody as sketched in Fig. (24a) with a diameter of 0.795 D 
at its downstream end and an axial length of 0.5D. This configuration gave a Ac D 
of — 0.099, i.e. about twice that of the optimum disc. Figure 26b shows a parametric 
study of the double disc configuration including the greatest observed drag reduction 
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Fig ,26. (a) Drag due to 3 mm thick disc with rounded edge on short (O) and long (□) bodies from Mair 09651 
(b) Drag reducnon due to two discs; short body x,/D = dJD = 0.5; d,/D = 0.79* Discs 3.2 m^SkkSffi 

edges. 

Ac D = - 0.082 amounting to 55% of the base drag of the simple body. This is still not the 
drag reduction obtained by the solid body alone but is encouraging in that it suggests a 
further possible improvement by combining the solid boat-tailed afterbody with an 
addmonal disc. Such a combination will be less dependent on Reynolds number effects than 
rft, a tail fairing and will probably be mor e docile to changes of the body axis with yaw 
/,o™ S . ubsonic ' lock ^- v ortex-afterbodyc^Hngurations' (single disc) Little and Whipkey 
(1979) found from drag measurements and flow visualization that the minimum-drag 
condition is obtained if the cavity vortex centres itself fairly well in the cavity and produces 
a smooth cavity flow and does not disturb the external flow. Mass transfer into and out of 
the cavity is minimized with a balance between vortex size and cavity size. This occurs at 
some combination of disc diameter, disc position, and spindle diameter (d) and shows that 
separation control in this case consists of preventing Te^aTaliolToTi the solid body and of 
tuning the separated shear layer with the flow in the axisymmetric cavity. 

The trailing-disc concept was also successfully tested in flight experiments at higher 
Reynolds numbers than those of Mair and at Mach numbers up to 0.93 by Powers (1988) 
Mair noted the importance of the srnoojjjfairing between the contours of the main body 
and the afterbody. A smooth contour avoids a suction peak at the junction and thus an 
additional pressure rise leading to premature separationTXlurbulent and even more a 
laminar boundary layer are strongly Reynolds number dependent in such a flow configura- 
tion. Therefore Howard et al. (1983) investigated the effectiveness ofjh^lder^diusingL 
and circumferential 'grooving' (Fig. 25c) to reduce the base drag for a~rang7ofReynoid7" 
numbers based on body diameter (2 x 10* <; Re D <: 2 x 10 s ). For Re D > 10 s shoulder 
'radiusing' relative to body diameter of RJD = 175 was found to reduce the body drag to 
levels equivalent to a streamline body having 67% greater fineness ratio. Circumferential 
grooves cut perpendicular to the local surface were found to provide on the order of 50% 
net body drag reduction with zero shoulder radius for both laminar and tripped boundary 
layers approaching the shoulder. An earlier study covering longitudinal K-grooves by 
Howard et al. (1981) had shown that afterbody shoulder radiusing is a more efficient 
technique for reducing bluff-body base drag than longitudinal •grooving* which need not be 
discussed here. 



5.4.4.2. Base-drag regions with reattachment 

The classical case of a base drag region with reattachment is found downstream of a 
backward facing step followed by a wall or a long splitter plate where the step may be 
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normal or oblique to the oncoming flow. Interesting features of the subsonic flow are the 
distance of the reattachment line from the step, the structure of the shear layer turbulence, the 
spreading rate of the shear layer, the properties of the flow in the reverse-flow region, heat 
and mass transfer, and the downstream recovery of the attached flow. Several of these fea- 
tures are conductive to control or manipulation. Control parameters are, for example, tunnel 
blockage, area ratio, streamwise pressure gradient, turbulence level and structure of the 
upstream flow, state (laminar or turbulent), and thickness of the upstream boundary layer. 
There is also mass addition by injection of fluid into the reverse-flow region and passive 
separation-control techniques, such as transverse cavities, longitudinal grooves, porous 
surfaces, and vortex generators (e.g. Lin et a/., 1989). Active control has been achieved by 
using periodic oscillations of a spoiler or a flap at separation or inside the separated zone 
(Reisenthel et al 1984; Roos and Kegelmann, 1986). There is no systematic investigation of 
the effects of these flow parameters and control devices on the flow downstream of the 
straight backward facing step, let alone of other step configurations. As one example, the 
length X R of the reattachment region was found to be in the range of five to nine step heights 
H (Eaton and Johnston, 1981). The most extensive studies into the influence of some of the 
above mentioned flow parameters on the reattachment length were performed by Westphal 
and Johnston (1984) and by Adams and Johnston (1988). Reattachment was defined in their 
investigations as Xw = 0.5, where Xw denotes the probability of forward flow close to 
the wall 

Adams and Johnston (1988) plotted the dimensionless reattachment distance x R /H 
) (where H is the step height) against expansion ratio ER = {W x + H)/W l (W x is the duct 
' height upstream of the step) and against Reynolds number Re H using up to 20 experimental 
investigations. In the former diagram xJH increased from about 5 to 8.7 with a scatter of 
20-50% with ER increasing from 1.1 to 2.9, probably at Reynolds numbers larger than 1.5 
x 10 4 . In the range 1.5 x 10* £Re H ^2 x 10 5 variations ofx R /H lie in a range approxim- 

ately-6:5to-8-even-in-experimentsr*rf^ 

Johnston, 1988). It is possible to attribute this variation not to a Reynolds number effect but 
to that of a thin laminar boundary layer for xJH = 6.5 and a thicker {S/H = 0.2) turbulent 
boundary layer for the higher value (Westphal and Johnston, 1984). This was confirmed by 
measurements of Adams and Johnston (1988) who showed a A(x R /tf) % 2 between a very 
thin laminar and a thick turbulent boundary layer {S/H ~ LI). The same difference in 
reattachment length was obtained when— all other parameters equal— large triangular 
vortex generators were installed upstream of the step. They generated an array of 
counterrotating vortices imbedded in the separating turbulent boundary layer. 

The influence of an adverse pressure gradient caused by the divergence of the wall on the 
flow downstream of a backward-facing step was investigated by Driver and Seegmiller 
(1982, 1985). The spreading rate of the shear layer was increased and the reattachment 
distance was lengthened from x R //f of about 6 to about 10 for a deflection angle varying 
between 0° and 9° at an inlet Reynolds number Re i2 of approximately 5000 (here <5^Ts the 
| momentum loss thickness and the velocity at the boundary-layer edge). 
/ Finally one should mention the effect of the boundary-layer thickness upstream of the 
step on the heat transfer downstream. 

Vogel and Eaton (1984) found that the heat-transfer coefficient, which had its maximum 
value just upstream of reattachment, decreased by about 25% with an increase of S/H from 
0.15 to 1.6. They also noticed that the r.m.s. value of the skin friction increased by 25% when 
the boundary layer thickness ratio was reduced from 1.1 to 0.2 which led to the conclusion 
that the turbulence levels near the wall and the heat transfer increases with a thinning of the 
inlet boundary layer. 

Passive control of the flow through changes in the geometry of the backward facing step 
was applied by using longitudinal grooves mitigating^ the imposed adverse pressure 
gradient, transverse and swept grooves, different kinds of segmented blunt edges, and 
^--passiwJileedLthriHigk et al (1989) claim a reduction of more than 50% 

of the reattachment length by transverse grooves in the region of the maximum adverse 
pressure gradient using a height to width ratio greater than 2.5. Some control devices 
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introduce three-dimensional disturbances which distort the starting region of the separated 
shear layer and decrease the reattachment length, though not much (Gai and Sharma, 1987). 
Selby (1989) investigated a swept (30°) rearward-facing step with 4 V-shaped* streamwise 
grooves. A pair of streamwise vortices is generated in each groove, energizing the separated 
flow region and resulting in almost a 30% reduction of the maximum value of the 
reattachment distance x R /H. 

Active control of the separated shear layer and thus of the reattachment length was 
achieved by localized excitation of the shear layer using an oscillating flap at the point of 
separation (Roos and Kegelman, 1986). Low amplitude flap oscillations at Strouhal 
numbers fH/u 0 smaller than 0.3 show both a remarkable organizing influence on the large 
structures in the shear layer and a reduction in the reattachment length by approximately 
two step heights. The enhanced vortical structure formation which results produces a higher 
Reynolds stress (a measure of the more intense mixing) and increased entrainmcnt. 
Reisenthel et al (1984) discovered two regions of optimum reattachment control and their 
relation to three different mechanisms: "At reduced frequencies less than 0.03, the primary 
mechanism is that of induced shear layer vortex control. Up to frequencies of 0.08 control is 
achieved primarily through the vortex formed by the motion of the flap. At higher 
frequencies multiple reattachment and reseparation lead to a deterioration of the control." 

Further work is needed to study the receptivity of the shear layer to frequency and 
amplitude of the excitation. 

6. GLOBAL FLOW MANAGEMENT 

This is an altogether different story that we encounter particularly in wind tunnel 
problems. It encompasses all means and technique to suppress wind tunnel turbulence, and 
also to create certain flow configurations of high fluctuation level and a prescribed 
structure — as needed e.g. in environmental wind tunnels. Some of the possibilities and 
limitations of turbulence management are discussed by Loehrke and Nagib (1976), Nagib 
and Corke (1984), Nagib and Marion (1984), Way et al (1973) and Wigeland et al (1977). 

7. SUMMARIZING REMARKS 

In trying to reduce the problem to its essentials all of the above can be retraced to two key 
phenomena: (a) turbulent mixing (redistribution/diffusion) and — even more fundamentally, 
(b) turbulence creation/destruction, with its three aspects: (i) laminar/turbulent transition, 
(ii) production, and (iii) dissipation. 

What can be accomplished depends exclusively on the stability behaviour of the flow, on 
the efficiency of the control method and on the interaction of the scales and energy 
mechanisms. Thus increasing the spread of a given free flow by 100% is a comparatively 
easy task if one uses the proper 'tool': periodic excitation-^thereby controlling the (creation 
of) coherent structures directly. This may provide the best results; and indeed also the 
mixing process, which is primarily related to the smaller eddies, 'trapped' as it were in the 
large coherent ones, may be controlled by controlling the large ones. 

Indirect control, e.g. via entrainment (turbulence level) is, by comparison, only of small 
effect. The situation may be inverted for flows of strongly reduced instability, e.g. for mixing 
layers with low values of A. 

Another parameter of influence is the ratio of convection and diffusion in a flow as 
discussed in the comparison of jet and wake flow. 

Reductions on the other hand seem to be more limited. This is equally true for free flows 
and even more so for wall bounded flows, where the achievable reduction in frictional drag 
is clearly below 10%. What is of importance in any case is how, i.e. to what extent, the 
quality to be controlled depends on the quality which is (most easily and effectively) 
controllable. 

Ways and strategems to influence a given flow and achieving useful results in comparison 
with the efforts needed, necessitate a clear knowledge about turbulent structural interplay, 
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stability behaviour and amplification rates. Apart from the direct control of flow instability 
by one or more frequencies, we have a number of passive mechanisms of influencing 
turbulent structures, as e.g. by 

—influencing the stability of the basic flow (walls, field effects), 

—influencing the stability of the basic coherent structure (wall geometry, field effects, 

upstream boundary conditions), thereby— in certain cases 
—influencing the feedback characteristics of the flow. 

It seems that by now a reasonable body of knowledge is available to provide a solid basis 
for control of a great number of flows to achieve various goals. This is particularly true for 
the aspect of active control by periodic forcing, for which Table 10 provides comprehensive 
compilation of characteristic Strouhal numbers. 

All available information is, however, limited to 'clean' and relatively simple configura- 
tions and considerable work is still needed to extend our knowledge far enough to enable 
extrapolations to more complex scenarios. 
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Abstract 

Turbulent Mixing, Stability and Secondary 
Flow In A Confined Configuration 

Guiren Wang 

This work consists of two parts. Part 1 deals with turbulent mixing: its meaning, mech- 
anism, criteria, measurement and control based on stability mechanism (receptivity). First 
a new model of an ideal relative turbulent mixing process is proposed for turbulent mixing 
criterion. Then the experiment is conducted in a confined configuration, i.e. confined plane 
wake and mixing layer in a pipe to realize the ideal relative turbulent mixing process. A high 
spatial resolution of around 4 (//ra) 3 scalar measurement with laser induced fluorescence is 
achieved to study the mechanism of turbulent mixing. Some new problems with the high spa- 
tial resolution measurement are investigated. These include low signal to noise ratio, thermal 
blooming and photobleaching. The results shows that the turbulent mixing is extraordinarily 
enhanced under strong forcing of a new receptivity mechanism. Even within one diameter of 
the pipe downstream of the trailing edge, the large and small scalar structures have already 
been homogeneously distributed in the whole local cross section. According to the experiment 
result, a new controlled flow is proposed for turbulence theory study with experiment and direct 
numerical simulation, where the turbulent statistical properties at high Reynolds number can 
be realized at low Reynolds number with specific forcing, and thus the resolution is relatively 
improved. 

Part 2 describes some new phenomena: dual receptivity, pairing burst, secondary vortices 
in the confinement, sudden transition to turbulence and a new symmetric breaking hysteresis 
phenomenon, discovered through visualization in the confined configuration, especially under 
strong temporal periodic forcing. It seems that there are two different receptivity mechanisms 
for the large forcing. One of them corresponds to the traditional instability mechanism in 
two dimensional shear layer and the other is a new one. The new instability mechanism has 
aTmuclrhiglTe^ 

experimental result shows that there is no universal spread rate for the mixing layer and plane 
wake under forcing. Two types of secondary vortices are found to be dominant and they 
are related to the new instability mechanism. A sudden transition to turbulence is observed. 
To achieve the sudden transition, the instability mechanism is very important. Another new 
phenomenon called symmetric breaking hysteresis is also observed, which becomes weak with 
increase of Reynolds number. A new phenomenon, named here, pairing burst is also observed. 
The relation of pairing burst to Reynolds number, velocity ratio A and forcing is investigated. 

The direct applications of this work include: a new anemometer based on the photobleaching 
with laser induced fluorescence, a new rapid mixing process for mixer and reactor and a new 
process for heat transfer enhancement. 
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Zusammenfassung 

Turbulente Mischung, Stabilitat und sekundare 
Stromungen in einer begrenzten Konfiguration 

Guiren Wang 

Diese Arbeit besteht aus zwei Teilen. Der erste Teil befasst sich mit turbulenter Mischung: 
ihrer Bedeutung, den Mechanismen, den Kriterien, der Messung und der Kontrolle iiber In- 
stabilitatsmechanismen (Rezeptivitat). Zuerst wird ein neues Modell eines idealen relativen 
turbulenten Mischungsprozesses entworfen. Dann wird die Untersuchung in einem begrenzten 
Nachlauf und einer Scherschicht in einem Rohr durchgefuhrt, um die idealen relativen turbu- 
lenten Mischungsprozesses zu erreichen. Eine Laser-Induced-Fluorescence-Messung mit einer 
raumlichen Auflosung von ca 4 (fimf wurde durchgefuhrt, um den Mechanismus der turbu- 
lenten Mischung zu studieren. Einige neue Probleme wie niedriges Signal-Rausch-Verhaltnis, 
Beeinflussung des thermal bloomings und Photobleaches bei der Messung hoher Auflosung wur- 
den untersucht. Das Ergebnis zeigt, dass unter starker Anregung einer neuen Rezeptivitat, die 
relative turbulente Mischung aussergewohnlich verstarkt ist, und sogar innerhalb eines Rohr- 
durchmessers sind die grossen und kleinen Skalarstrukturen schon homogen im ganzen lokalen 
Querschnitt verteilt. Fur die turbulente Grundlagenforschung mit Experiment und direct nu- 
merical simulation (DNS) wird eine kontrollierte Stromung vorgeschlagen, wo die statistischen 
Eigenschaften, die ohne Anregung sonst erst bei grosser Reynolds-Zahl auftreten, unter einer 
speziellen Anregung, wegen der verbesserten raumlichen Auflosung schon bei kleiner Reynolds- 
Zahl erreicht werden kann. 

Der zweite Teil beschreibt einige neue Phanomene: Dual receptivity, pairing burst, Se- 
kundarwirbel, rascher Umschlag zur Turbulenz und ein neues Symmetrie-Brechung-Hysterese- 
Phanomen werden in der begrenzten Konfiguration, besonders unter starker Anregung entdeckt. 
Es scheint, dass zwei unterschiedliche Rezeptivitatsmechanismen fur starke Anregung auftau- 
chen. Eine ist der entsprechende traditionelle Instabilitatsmechanismus der 2-D Scherschicht 
und der andere ist neu. Die neue Instability hat eine hohere Rezeptivitat als die traditio- 
nelle, besonders unter starker Anregung. Nach dem Ergebnis der Untersuchung gibt es keine 
universale Ausbreitungsrate fur Scherschicht und Nachlauf unter Anregung. Zwei Typen der se- 
kundaren Wirbel, welche eine Beziehung zur neuen Instability haben, werden als wichtig erach- 
tet. Ein rascher Umschlag zur Turbulenz wird beobachtet. Der neue Instabilitatmechanismus 
ist sehr wichtig, um den raschen Umschlag zu erreichen. Ein Symmetrie Brechung Hysterese- 
Phanomen wird auch hier entdeckt, welches schwach wird, wenn Reynolds-Zahl steigt. Ein 
neues Phanomen, pairing burst genannt, wird auch beobachtet. Die Beziehung des pairing 
bursts mit Reynolds-Zahl, Geschwindigkeitsverhaltnis A und Anregung wird untersucht. 

Die direkten Anwendungen dieser Arbeit sind: ein neues auf dem Effect des Photoble- 
achs basierenesd Anemometer, ein neues Verfahren zur raschen und homogenen Mischung von 
Fliissigkeiten im kontinuierlichen Durchlaufbetrieb und ein effektiver Warmetauscher durch 
begrenzten symmetrischen oder asymmetrischen Nachlauf in der Rohrstromung. 



ii 



Acknowledgments 



First of all, I would like to use this chance to show my deepest sorry that, my advisor, Prof. 
H. E. Fiedler, left us several months ago. He passed away too early! 

This is a long period experimental work lasting more than 7 years. Without the help of 
many people, it impossible to finish the extremely difficult experiment, since the ultra-high 
spatial resolution experiment needs a lot of optical, mechanical and electrical work of high 
demand. I would like to use the chance here to thank all of those, who have helped me during 
last 7 years. 

Foremost, I want to thank Prof. H. E. Fiedler for providing me with a research environment 
with a lot of personal freedom. He brought me into a world of turbulent mixing for an adventure, 
where I slipped into an eddy due to its dangerous complexity. After the "turbulent mixing" 
of different concepts and ideas in the field, I was confused as a result of the stirring, which 
made things more homogeneous so that no clear direction could be found. After seven years 
of struggle in the whirls, I finally came out of the chaotic mixing world under his guidance as 
well as his great patience of waiting of long-term risk and finished the adventurous trip in the 
turbulent mixing world. 

Thank to Prof. H. Eckelmann for introducing me to Prof. Fiedler, his helpful discussions 
and the acceptance of the second advisor. Thank to Prof. J. Houmoziadis and A. Dillmann for 
their attendance of the defense and the helpful correction of the dissertation by Prof. Dillmann. 
Prof. R. S. Brodkey from Ohio has given many helpful discussions on the problems of turbulent 
mixing. Thank you Bob. Prof. H. Zhou from Tianjing University /China advised me during the 
whole period when I tried to apply his program for wall boundary instability to free shear layer 
when he was in Berlin. This excited me for my interest of flow instability. Many discussions 
with him are very helpful. Prof. J. S. Lou from Tianjing University /China also gave me a lot 
of help in discussion of problems of instability and during my experiments as he was in Berlin. 

Many help comes from DLR. Here especially thank to Dr. B. Lehmann and J. Mante for 
their general su p port in providin g o ptical components and D r. W. Neise's group for their laser 
and instruments. The discussion with Dr. B. Lehmann for experiment is very appreciated. 

The stable experimental table was constructed from Dr. D. Hilberg and it is very much 
appreciated. Mr. B. Stefes helped me in constructing the experimental setup. The help from 
workshop in constructing the experimental setup is very much appreciated. Here, especially, 
thank is to Mr. Barzantny for his 'magic' in constructing of mechanical parts. Electronical 
help from Dr. R. Eschenhagen is also appreciated. 

Thank also to Dr. Yi Ding from Optical Institute for many helpful discussions on optical 
problems. Ms. Julia Stone has kindly helped me for the English correction. Thank you very 
much Julia. 

Definitely many helps come from the crew of Werk-3. Especially, my colleague. R. Spieweg, 
has given me a lot of help in using his programs and solving computer problems. Thank you 
Rene. Dr. O. Koenig corrected my German in writing proposals. S. Berneno gave many helpful 
discussions. 

At last, I want to thank my wife Dr. Hong Jiang for all her supporting during last seven 
years. 

The work is partially supported by Deutsche Forschungsgemeinschaft (DFG). 



iii 



Contents 



I Turbulent mixing: meaning, mechanism, criteria, measurement 

and control 1 

1 Introduction 2 

1.1 Turbulent mixing: meaning, mechanism and criteria 2 

1.2 High spatial resolution measurement for scalar 2 

1.3 Experimental results of turbulent mixing and ideal relative turbulent mixing 
process ^ 

1.4 Scalar power spectrum density 4 

1.5 Some new phenomena in the confined configuration 4 

2 Turbulent mixing: meaning, mechanism and criteria 5 

2.1 The meaning of turbulent mixing 5 

2.1.1 Terminology ^ 

2.1.2 Meaning of turbulent mixing 6 

2.2 Turbulent mixing criteria 7 

2.2.1 Collection of existing turbulent mixing criteria 7 

222 Classification—. . . — • • — * * — ^ 

2.2.3 Analysis 11 

2.3 Mechanism of mixing in a turbulent flow 12 

2.3.1 Scenario of mixing in turbulent flow 12 

2.3.2 Three characteristics of turbulent mixing 12 

2.3.3 Scale sizes i3 

2.3.4 Geometry of small scale 13 

2.3.5 Timescales of two processes 13 

2.4 Ideal relative turbulent mixing process and state 14 

2.5 New criteria for turbulent mixing 16 

2.5.1 Mixing rate I 7 

2.5.2 Mixing state 17 

3 Experimental set-up and measurement procedures 19 

3.1 Water channel 19 

3.2 Forcing methods 20 

3.2.1 Loudspeaker 20 

3.2.2 Valve 20 

3.3 Optics 20 

3.3.1 Optics for focusing laser beam 20 

3.3.2 Optics for photomultiplier tube (PMT) 21 

3.3.3 How to determine the focused diameter 21 

3.4 Measurement Processing 22 

4 Laser Induced Fluorescence (LIF) 24 

4.1 Thermal bloomin g • — 24 

4.2 Photobleaching 24 

4.2.1 A model of the photobleaching effect 24 

4.2.2 The principle for measuring bleaching constant r 25 

4.3 Analysis of signal to noise ratio (SNR) 26 

iv 



4.4 Results 27 

4.4.1 Thermal blooming 27 

4.4.2 Photobleaching 27 

4.4.3 Calibration between fluorescence intensity 7/ and concentration C . . . 31 

4.4.4 Noise characteristic 31 

4.4.5 Noise influence on scalar measurement 33 

4.4.6 Methods to increase signal level 33 

4.5 Discussion 3g 

4.5.1 A new anemometer of photobleaching with LIF 38 

4.5.2 Some considerations about photobleaching influence 38 

4.5.3 Measurement of focused beam diameter d f 39 

4.5.4 Detector and SNR 39 

4.5.5 Amplifying signal 39 

4.5.6 Fluorescence saturation 40 

4.5.7 Attenuation 40 

5 Experimental results of turbulent mixing 41 

5.1 Wake 41 

5.1.1 Visualization 42 

5.1.2 Concentration distribution at near field 41 

5.1.3 Evolution downstream 44 

5.2 Mixing layer 4g 

5.2.1 Concentration distribution at near field 48 

5.2.2 Evolution downstream 49 

5.3 Influence of Reynolds number 51 

5.4 Influence of initial velocity ratio A 54 

5.5 Influence of forcing frequency 55 

5.6 Influence of forcing level 5g 

5.7 Relative turbulent mixing rate Rr 55 

5v8 — Power-speet-rum-density — — 57- 

5.8.1 -5/3 exponent with low Reynolds number 57 

5.8.2 Batchelor -1 spectrum beyond -5/3 58 

5.8.3 -1 exponent before -5/3 58 

6 Discussion qq 

6.1 Homogeneous whole local flow fields 60 

6.2 Control between l K and l B 60 

6.3 Comment on ideal relative turbulent mixing process 60 

6.4 Mechanism of the turbulent mixing enhancement 61 

6.5 Zero crossing point number of gradient G z 61 

6.6 -1 exponent spectrum 61 

6.7 A new method for turbulence study 62 

7 Conclusion gg 
II New phenomena in a confined configuration 65 



V 



66 

8 Introduction 

8.1 Simultaneous visualization of three light sheets &f) 

8.2 Dual receptivity ^ 

8.3 Sudden transition to turbulence 67 

8.4 A new symmetry breaking hysteresis phenomenon 67 

8.5 Pairing burst 68 

69 

9 Experimental set-up " 

9.1 Water channel °jj 

9.2 Optics 69 

72 

10 Results * 

10.1 Dual receptivity 

10.1.1 Wake 

10.1.2 Mixing layer 77 

10.1.3 Quasi-step flow 

79 

10.2 Secondary vortices , xJ 

10.2.1 Wake 79 

10.2.2 Mixing layer 83 

10.2.3 Quasi-step flow 85 

10.3 Sudden transition • 

10.3.1 Mixing layer 86 

10.3.2 Wake 89 

10.4 Symmetry breaking hysteresis phenomenon 89 

10.4.1 Phenomenon 89 

10 4.2 Relation to concentration distribution 89 

10.5 Pairing burst 

10.5.1 Where does pairing burst happen 90 

10.5.2 Velocity ratio A effect 90 

10.5.3 The influence of initial Re 9 91 

10.5.4 Forcing influence 92 

10.5.5 Three dimensional pairing burst 94 

10.5.6 Re in the confined mixing layer 95 

98 

11 Discussion 

11.1 Dual receptivity 9 

11.1.1 Relation to secondary vortices 98 

11.1.2 High receptivity 98 

11.1.3 Qualitative amplification curves with Re 99 

11.1.4 No universal spread rate 99 

11.1.5 Small scale and mixing transition 99 

11.1.6 Influence of non-linearity and 3-D on amplification 100 

11.1.7 Receptivity capacity 101 

11.1.8 Mixing receptivity 101 

11.1.9 Difference from mechanical stirring 101 

11.1.10 Philosophy on control 102 

102 

11.2 Secondary vortices J"' 

11.3 Sudden transition 103 

11.4 Symmetry breaking hysteresis 103 



vi 



11.5 Pairing burst 103 

11.5.1 Mechanism of the pairing burst origin 103 

11.5.2 Quasi-step flow 103 

11.5.3 Control of wall free and wall bounded turbulent flow 104 

11.5.4 On turbulent burst , . . 104 

12 Conclusion 106 

13 Summary 108 

14 109 

15 Appendix: Some applications 114 

A A new Anemometer based on photobleaching with LIF 114 

A.l Principle 114 

A. 2 Discussion 114 

A. 3 Problems 114 

B A new rapid mixing process for mixer and reactor 115 

B. l Status 115 

B.2 New mixer . . 115 

B.3 The disadvantage of other mixers 115 

B. 4 The advantage of new mixer 115 

C A new process for heat transfer enhancement 116 

C. l Status 116 

C.2 New heat exchanger 116 

C.3 Disadvantages of other heat exchangers 116 

C.4 Advantages of the new heat exchanger 116 



vii 



List of Figures 

2.1 A simple sketch of turbulent mixing process 

3.1 Experimental schematic 

3.2 A simple sketch of low noise current amplifier 

4.1 Relation between fluorescence intensity and fluid velocity with different values 
of P t at C = 0.67 * 1(T 6 M 

4.2 Fluorescence intensity decay with residence time for different laser power P t and 
C = 10" 6 M 

4.3 Relationship between photobleaching half-life constant t x / 2 and laser power P t 



at constant C = 1.0 * 10~ 6 M 29 

4.4 Relationship between fluorescence intensity and fluid velocity u for different con- 
centrations but constant Pi = 0.5 W 30 

4.5 Fluorescence intensity decay with residence time for different C and constant 
laser power P/ = 0.5 ^ 30 

4.6 Relationship between photobleaching half-life r 1/2 and C with constant laser 
power P^Q.bW - 31 

4.7 Calibration between // and C with different velocities 32 

4.8 Coefficient k between // and C changes with different velocities 32 

4.9 Timetrace of signal 33 

4.10 Relationship between noise RMS of fluorescence intensity and square root of 
signal level 34 

4.11 Relationship between noise RMS of fluorescence intensity and square root of 
frequency bandwidth 34 

4.12 Relationship between fluorescence intensity and concentration with different P t . 36 

4.13 Relationship between laser power attenuation and concentration with different P t . 36 

4.14 Influence of concentration on fluorescence intensity saturation to Pi at U = 32cm/ s. 37 

4.15 Fluid velocity influence on fluorescence intensity saturation to Pi at constant 

C = 6J*10- 7 M 37 

5.1 Visualization for turbulent mixing with and without forcing in a wake of U = 40 
cm/s L 41 

5.2 Time trace with and without forcing in a wake with U = 40 cm/s at x/D = 
0.25. a: no forcing at y = -0.5 mm; b, c and d: with forcing at 2y/D = 0.75, 0 

and -0.75 respectively 42 

5.3 Concentration variance for different y-positions under forcing in a wake with 

U = 40 cm/s at x/D = 0.25 •_ 43 

5.4 pdf under forcing for different y-positions in a wake with U = 40 cm/s at x/D 

= 0.25 43 

5.5 Power spectrum density for different y-positions under forcing in a wake with 

U = 40 cm/s at x/D = 0.25 _ 44 

5.6 Timetrace with and without forcing in a wake with U = 40 cm/s at different 
downstream positions, a: x/D = 0.25; b: x/D = 1.6; c: x/D = 7.5; d: x/D = 
25.4 45 

5.7 Concentration variance evolution along x-positions with and without forcing in 
wakes j 46 

5.8 pdf under forcing for different x-positions in a wake with U = 40 cm/s 46 

5.9 Comparison between the pdf results of with and without forcing in a wake with 

U = 40 cm/s 47 



viii 



5.10 Power spectrum density evolution for different x-positions under forcing in a 
wake with U = 40 cm/s 47 

5.11 Comparison for power spectrum density evolution for different x-positions with 

and without forcing in a wake with U = 40 cm/s 48 

5.12 Concentration variance for different y-positions under forcing in a wake and 
different mixing layers at x/D = 0.25 49 

5.13 pdf under forcing for different y-positions in a mixing layer with U x =48 cm/s 

and A = 0.2 at x/D = 0.25 50 

5.14 Power spectrum density for different y-positions under forcing in a mixing layer 
with Ui = 48 cm/s and A = 0.2 at x/D = 0.25 50 

5.15 Concentration variance for different x-positions under forcing in different mixing 
layers with and without forcing 51 

5.16 pdf with forcing for different x-positions in a mixing layer with U x = 48 cm/s 

and A = 0.2 51 

5.17 Comparison between the results of with and without forcing for pdf in a mixing 
layer with U x = 48 cm/s and A = 0.2 52 

5.18 psd E(f) without forcing for different x-positions in a mixing layer with U x = 

48 cm/s and A = 0.2 52 

5.19 psd E(f) with forcing for different x-positions in a mixing layer with U x = 

48 cm/s and A = 0.2 53 

5.20 Comparison between the results of with and without forcing for psd in a mixing 
layer with U x = 48 cm/s and A = 0.2 53 

5.21 Timetrace of different y-positions with and without forcing in a wake with U = 
1 cm/s at x/D = 0.25. a: no forcing; b, c and d: with forcing at 2y/D = 0.75, 

0 and -0.75 respectively. 54 

5.22 Concentration variance for different y-positions under forcing in a wake with 

U = 1 cm/s at x/D = 0.25 55 

5.23 pdf under forcing for different y-positions in a wake with U = 1 cm/s at x/D = 
0 -25 55 

5.24 Power spectrum density for different y-positions under forcing in a wake with 

U = 1 cm/s at x/D = 0.25 56 

5.25 Power spectrum density with -5/3 exponent for different Re 57 

5.26 Power spectrum density for different flows with no -1 spectrum exponent beyond 
-5/3 region 58 

9.1 Experimental schematic 69 

9.2 Simultaneous 3-D visualization of a mixing layer 71 

10.1 Dual receptivity phenomenon from side view of a wake. U= 4 cm/s, A = 10%, 

a: / = 0 Hz; b: / = 1.6 Hz; c: / = 4.4 Hz; d: / = 6.0 Hz and e: / = 8.5 Hz. .' . 73 

10.2 Forcing amplitude influence on receptivity. U= 25 cm/s, a: / = 0 Hz; b: / = 
6.0 Hz, A = 1%; c: / = 6.0 Hz, A = 5%; d: / = 6.0 Hz, A = 25%; e: f = 6.0 
Hz, A = 35%; f: / = 6.0 Hz, A = 45%; g: / = 16 Hz, A = 5%; h: / = 16 Hz, 

A = 45%; i: / = 22 Hz, A = 5% 74 

10.3 Relation between threshold forcing amplitude and initial Re 75 

10.4 Relation between maximum receptivity frequency and U 76 

10.5 Influence of A with / = 5.6 Hz in a mixing la yer of U x = 10 cm/s and Uo = 5 
cm/s 78 

10.6 Response to forcing in a quasi-step flow, a: no forcing; b: with forcing / = 6 

Hz, A = 15%; c: with forcing / = 11 Hz, A = 15% 78 



ix 



10.7 Side view of separation reduction under forcing in a quasi-step flow with U x - 80 

/ 79 

QjYl/S * 

10.8 A sketch of the main secondary vortices, a: Type A Vortices; b: Type B Vortices. 80 
10.9 



Cross view of types of secondary vortices: a: U = 4 cm/s, / = 4.5 Hz, A - 15%, 
x/D = 0.1; b: U = 1 cm/s, / = 5.21 Hz, A = 25% x/D = 1; c: U = 10 cm/s, 

/ = 5.48 Hz, A = 7% x/D = 4 ...... 80 

lO.lOCross view to show the origin of the secondary vortices of a wake. 17-10 cm/s, 

/ = 5.48 Hz, x/D = l,5t = 0.04 s, A = 7%. . — 81 

lO.HEvolution of secondary vortices (cross view). (7 = 4 cm/s, / = 4.9 Hz. A - 

20%. a: x/D = 0.1; b: x/D = 1; c: x/D = 3; d: x/D = 7. . ._ ^ • 82 

10.12Cross view of the geometry of secondary vortices in a wake. U = 1 cm/s, / - 

4.62 Hz, A = 10%. For a, b and c x/D is 1, 4 and 7 respectively. 83 

10.13Secondary vortices under forcing with different A values in a wake 83 

10.14Secondary vortices with forcing for different A values in a mixing layer at x/D 

= 0.2 ; • • • ^ ■ • 85 

10.15Evolution of the secondary vortices in a mixing layer without forcing. U x - 9 

cm/s, U 2 = 6 cm/s. For a, b, c and d the x/D are 0.2, 1, 2 and 4 respectively. . 86 
10.16Evolution of the secondary vortices in a mixing layer with forcing. U x = 9 cm/s, 
C/ 2 = 6 cm/s, / is 5.6 Hz, A is around 6% . For a, b, c and d the x/D are 0.2, 

1, 2 and 4 respectively. 86 ^ 

10.17Comparison for different receptivity mechanism through secondary vortices. ... 87 
10.18Sudden transition under strong forcing with / being 6 Hz. U x = 30 cm/s and 

U 2 = 20 cm/s. 88 



10.19No sudden transition with strong forcing under / being 16 Hz. U\ - 30 cm/s 
and U 2 = 20 cm/s / j 

10.20Pairing burst is not apparent in a mixing layer where Ui and U 2 are 12 cm/s and 
8 cm/s respectively 

10.21Pairing burst is apparent in a mixing layer where Ui and U 2 are 16 cm/s and 4 



cm/s respectively. 

10.22Relationship between A c and Re e 92 

10.23No pairing burst for small Re e in a quasi-step flow 92 

10.24There is pairing burst in a quasi-step flow 93 

10.25Pairing burst in a mixing layer with Ui = 24 cm/s, U 2 = 16 cm/s. A = 0.2 and 

St = 0.12 s • • 93 

10.26Pairing burst in a mixing layer with U\ = 36 cm/s, U 2 = 24 cm/s, A = 0.2 and 

5t = 0.08 s ^ 

10.27No forcing with the weak pairing burst 94 

10.28With pairing burst under forcing 95 

10.29Pairing burst is weakened through forcing 95 

10.30Pairing burst is relatively weak when U x and U 2 is 17.5 and 1.5 cm/s respectively. 96 

10.31Pairing burst is relatively strong when U x and U 2 is 25 and 9 cm/s respectively. 97 

11.1 Sketch of qualitative amplification rate with Reynolds number 100 



x 



List of Symbols 



dp lens focus length 

A relative forcing amplitude y/vfijU 

A c critical relative forcing amplitude for the new receptivity 

b F lens focus length 

/f focus length of combined lenses 

c_ local concentration 

d 2 local concentration fluctuation intensity 

C local average concentration 

C average concentration C = (C a + C b ) /2 

D pipe inner diameter 

D m molecular diffusivity 

Di is the diameter of the incident light beam 

df laser focus diameter 

E(f) power spectrum density 

/ frequency 

fimax the first maximum receptivity frequency 

hmax the second maximum receptivity frequency 

G z zero cross point of concentration gradient 

h molecular diffusion length l $ /4 

If fluorescence intensity 

Ifo initial fluorescence intensity for bleaching 

// laser intensity 

/ length scale corresponding to v! 

Ib Batchelor scale, l B = (D^v/e) 1 / 4 

Ik Kolmogorov scale, l K = (u s /e)^ 4 

k length of light path in dye medium 

loc Obukhov Corrsin scale, l 0 c = {D^/e) 1 ^ 

~h smdl-seatera^ mixing process 

L large scale of scalar 

Li initial large scalar scale 

Pi laser power 

pdf probability density function of concentration c 

psd power spectrum density 

Qf fluorescence quantum yield 

r m mixing rate r m - ((Li - l 8 )/Li)/(T 8 /(Li/U)) 

r im mixing rate of the ideal relative turbulent mixing process 

r im = [((Li - QlL^KtnKLiiU))^ 

Rr relative turbulent mixing rate r m /r im = t m /T s 

Re Reynolds number based on pipe diameter and average velocity 

Sc Schmidt number 



xi 



t 


time 


tK 


the time needed to reduce Li to l k 


~t<ffl 


the time needed to for molecular mixing at scale l s 


z 


time needed to reach l s from Li 


U 


local fluid velocity 


u' 


local fluid velocity fluctuation 




initial high average velocity of a mixing layer 


u 2 


initial low average velocity of a mixing layer 


u a 


mean square of velocity fluctuation 


U 


average velocity of (U\ + U 2 )/2 


St 


residence time deviation due to velocity deviation 5u 


5u 


velocity deviation 8u in measuring volume 


At/ 


initial velocity difference (U\ + U 2 ) 


TXJ 


initial velocity sum (Ui + U 2 ) 


V 


measuring volume 


X 


downstream position from trailing edge 


y 


transverse position 


z 


spanwise position 


a 


spatial amplification rate 


e 


turbulent energy dissipation 


A 


initial velocity ratio (Ui - U 2 )/(Ui + U 2 ) 


A c 


critical initial velocity ratio for pairing burst (U x - U 2 )/{Ui + U 2 ) 




wave length of light 


V 


kinematic viscosity 


a 


dye absorption cross section 


T 


fluorescence decay time constant 


n/2 


half fluorescence decay time constant 



xii 



Part I 

Turbulent mixing: meaning, 
mechanism, criteria, measurement and 
control 



1 Introduction 



This work deals with turbulent mixing: its meaning, criteria, mechanism, measurement and 
control based on stability mechanism (receptivity) in part 1. In part 2 some new phenomena 
in the confined configuration are investigated. These include: a new receptivity mechanism, 
secondary vortices, sudden transition from laminar to turbulence, a new symmetrical breaking 
hysteresis phenomenon and paring burst. 

/ * r • x < 

1.1 Turbulent mixing: meaning, mechanism and criteria 

Turbulent mixing plays an important r&Ie not only in many engineering divisions (for example, 
chemical engineering, combustion, aerospace and so on), but also in nature, i.e. the heat and 
mass transfer phenomena in the atmosphere and oceans. With the discovery of turbulent 
coherent structures in a mixing layerVnd its receptivity to initial disturbance, the active and 
passive turbulent control, i.e. the control of these large coherent structures, has become very 
active in the field of turbulence. These structures have an essential influence on molecular 
mixing of different chemical species in the turbulent flows. The control of the molecular mixing 
can indirectly be achieved through the control of these structures in turbulent flows. 

It seems the molecular mixing of fluids in turbulent flow is very closely related to the concept 
of turbulent mixing. Therefore there are now more and more works on turbulent mixing and 
the concept of turbulent mixing is often used in articles. However Ottino [83] wrote "Presently, 
the study of fluid mixing has very little scientific basis; processes and phenomena are analyzed 
on a case-by-case basis without any attempt to discover generality.... The analysis of mix- 
ing share little in common with each other, except possibly the nearly universal recognition 

among researchers that they are very difficult problems." This is also true for turbulent mix- 
ing. Different papers use the same name, i.e. turbulent mixing, but they means quite different 
things. Until now there is still no universal definition and criteria for turbulent mixing. The 
definition and criteria vary from case to case. One aim of this work is to give a clear picture of 
turbulent mixing and establish a broad general criterion of it. 

Before a turbulent mixing criterion can be established, it is necessary to understand the role 
of turbulence for turbulent mixing and the mechanism of turbulent mixing. For this purpose, 
a model of an ideal relative turbulent mixing process and its corresponding state is proposed. 
The new criterion is based on this model. 

1.2 High spatial resolution measurement for scalar 

The new criteria must be proved by experiment. For this aim, an confined symmetrical wake 
and asymmetric wake (mixing layer) in a pipe is constructed and a high spatial resolution 
measurement (around 4 (//m) 3 ) measuring volume of scalar with Laser Induced Fluorescence 
is developed here. 

There are many measurement methods for scalars which are cited in the review of Brodkey 
[14], but it seems that Laser Induced Fluorescence (LIF) provides the best non-intrusive method 
for high spatial resolution measurement of concentration in turbulent flow. Until now the 
best realized spatial resolution, which is really measured, is to our knowledge, in the order of 
40 rsj 60 /jlth (Miller [73]). This is much larger than the smallest scalar scale in turbulent flows, 
which is in the order of 0.1 ~ 10 /xm. It is, therefore, very difficult to measure the smallest 
scale directly. The fine focusing of the laser beam in fluid mechanics is not as easy as in micro 
-optical and electronic technology (as used for example in CDs) since in the former the working 
distance is much longer. 
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LIF is widely used in fluid mechanics today since the first work of Owen [84] and later 
contributions by [62], [25], [73], [109] and others. However, LIF is still a relatively new method 
and there seems to be only limited effort to study and improve the method of LIF itself. For 
instance, there are only few papers dealing with its signal to noise ratio (SNR), the possible 
influence of photobleaching and thermal blooming in this method and its calibration, especially 
for very high spatial resolution measurement of, say, several micrometers. 

At the beginning, it was thought that the fine focusing of the laser beam is the most difficult 
task for high resolution measurement. However, having achieved very fine focusing of around 
4 /zm, it is found that the signal level is very low due to the small measuring volume. This 
results in low SNR, especially for the high frequency region where signal amplitude is also 
small. Furthermore it turned out that the signal can not be simply increased by increasing 
dye concentration and laser input power due to the fact that attenuation, photobleaching and 
thermal blooming would contaminate the signal if concentration and laser power are too high. 
It is expected that this is also a crucial point for high spatial resolution measurement of all 
measuring techniques based on light scattering. 

LIF is often used for concentration measurement (it can also be used for temperature mea- 
surement). Its principle is that if the laser intensity at the measuring point is constant, for a 
given specific dye and a fixed optical construction for the emitting signal to be collected to the 
light detector, the signal from the detector should depend only on the concentration. Thus when 
the concentration is constant, the signal of fluorescence intensity should also be unchanged for 
a given optical system. However, in this work, it was found that even if the concentration is 
constant, the fluorescence intensity changes with fluid velocity in a certain range. The higher 
the velocity is, the higher the signal becomes. Thus the measurement could be contaminated. 
The laser beam focusing diameter is measured to be around 4 fxm and the average fluid velocity 
range is from 4 to 80 cm/s. The reason of the contamination is photobleaching and thermal 
blooming, which becomes strong when laser is very fine focused. The photobleaching has strong 
influence on measurement results, not only because of the signal becoming smaller, but also 
depending on velocity. This is also a crucial point for high resolution measurement of LIF and 
is investigated in this work. 



1.3 Experimental results of turbulent mixing and ideal relative tur- 
bulent mixing process 

In order to find a more general turbulent mixing criterion, a concept of ideal relative turbulent 
mixing process is proposed in this work (see later). To study the turbulent mixing mechanism 
and the ideal relative turbulent mixing process, the high spatial resolution measurement is 
necessary. The ideal relative turbulent mixing process is traditionally very difficult to be carried 
out. To achieve the ideal relative turbulent mixing process, some special turbulent mixing 
control is essential. The control is based on a new receptivity mechanism discovered in this 
work (see Part 2). The flows in the confined configuration (confined plane wake and mixing 
layer in a pipe) are strongly forced to realize the ideal relative turbulent mixing process. With 
the high spatial resolution measurement, the turbulent mixing is measured at the near field 
with different transverse positions and different downstream positions for the evolution of the 
mixing in both cases with and without the active strong forcing. The results show that the 
turbulent mixing is extraordinar yl y enhaneced and ideal relative turbulent mixin g process is 
approximately realized under the new strong forcing mechanism. 
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1.4 Scalar power spectrum density 

There are two fields of research in turbulence study: one is statistics, which concentrates on 
universal law of small scale structures in turbulent flows, and the other is structure, which 
searches for large coherent structures in turbulent flows and the ways to control them. These 
two fields are relatively independent eaqh other. There are few works, to our knowledge, which 
bring the two together. This work attempts to use the structural method to the study of 
statistical turbulence. 

Power spectrum density is important for both turbulent theory and turbulent mixing [70]. 
It describes the scale distribution in the flow field. Traditionally, both studies concentrate on 
small scale structures which are approximately local isotropic when Reynolds number is very 
high. For turbulent theory, there is Kolmolgorov [58] local isotropic turbulent flow where there 
is a universal -5/3 law of power spectrum density for velocity fluctuation (Kolmogorov used 
structure function in physical space and the result corresponds to -5/3 law in power spectrum 
density). Obukhov [79] and Corrsin [23] applied this theory to scalar fluctuation in turbulent 
flows, and pointed out that there was also a -5/3 power spectrum density for scalar. Batchelor 
[5] found later that scalar spectrum depended on the Schmidt number Sc. If Sc ~ 1, the 
power spectrum is the similar for both velocity and scalar; but when Sc » 1, there is also 
a -1 spectrum in a frequency range higher than -5/3 region. All these theories are based on 
the assumption that Re is high enough. To prove these theories, it necessary to use very 
high Re, which is very difficult to carry out both experimentally and numerically due to the 
following factors: the higher Re is, the smaller Kolmogorov scale l K and so Batchelor scale 
l B \ high Re requires high velocity and commands high temporal resolution; small l K and l B 
requires high spatial resolution which is difficult to realize experimentally, especially for Iq. For 
turbulent theory study, the experiments are usually undertaken without periodic forcing, i.e. 
no receptivity of flows to external excitation is used for this aim. 

In this work, a new method is used to reach a local homogeneous isotropic turbulence. It is 
based on receptivity theory, especially a new receptivity mechanism, which is, to our knowledge, 
unknown. The interesting result is that the -5/3 spectrum can also be obtained in a very small 
Re under strong forcing and for a given Re the -5/3 spectrum can be obtained much earlier 
under forcing. When Re is small, the Kolmogorov scale Ik will be large and so is Then 
the spatial resolution is relatively higher. For very small Re under strong forcing, the spatial 
resolution can be high enough to be able to measure Z B . However no -1 exponent is found 
beyond -5/3. Instead, the spectrum exponent is smaller than -5/3, i.e. it decays faster than 
-5/3. There is indeed a -1 exponent region, which is, however, in the frequency region lower 
than -5 /3 region, and therefore is not the Batchelor spectrum. 

1.5 Some new phenomena in the confined configuration 

To achieve the ideal relative turbulent mixing process and state, a new turbulent mixing control 
mechanism is discovered in the light of a new receptivity mechanism in the confined flow 
configuration. Although, as far as we know, there is no report on such flow, the flow is in 
fact of great interest for science and engineering. There are some new phenomena in this flow: 
dual receptivity, secondary vortices, an extraordinary spread rate of the mixing layer, sudden 
transition from laminar to turbulence, symmetric breaking hysteresis under strong forcing in a 
wake and paring burst. These phenomena are studied through visualization and form the part 
2 of this dissertation. 
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2 Turbulent mixing: meaning, mechanism and criteria 



To control turbulent mixing it is first necessary to know the special aim for mixing, i.e. to 
define the mixing according to the scale (large scale, meso scale, microscale or molecular scale) 
and decide: Which scale does the mixing require? To what extent can turbulent mixing fulfill 
the purpose? How can turbulent mixing be controlled through the control of turbulent flow to 
fulfill the purpose? To answer these questions quantitatively, it is necessary to know what the 
corresponding turbulent mixing criteria are? This is the main issue dealt with in part 1. To 
give a clear answer for turbulent mixing criteria, it is also necessary to know the meaning and 
mechanism of turbulent mixing. 

2.1 The meaning of turbulent mixing 

Although there are some rigid mathematical definitions of mixing (for example, Aref [1]), it 
is very difficult to give a definition of turbulent mixing, since, in reality, there are not even 
clear definitions of turbulence and mixing. Regarding turbulence definition, Panton [85] wrote: 
"It is probably not wise to make a rigid definition of a turbulent flow." Brodkey [13] said of 
mixing: "The term mixing is a loose one, and encompasses nearly as many definitions as there 
are workers in the field." Therefore the concept of turbulent mixing is widely used with great 
confusion. For instance, in the field of turbulence study, when looking at the mixing layer, the 
spread rate of the mixing layer is often used as a criterion of turbulent mixing. In chemical 
engineering and combustion and some turbulence studies, the concept of turbulent mixing is 
used to describe the molecular mixing of two different chemicals. In respect of turbulent flows: 
"On the other hand, the flows we call turbulent do have certain properties in common" [85]. 
Turbulent mixing also has some general properties, which will be investigated in this work. 

The quantities to be mixed in a turbulent flow can be vectors (impulse, vorticity for instance) 
and scalar (turbulent energy, temperature, concentration and so on). The mixing of two scalar 
species in a turbulent flow is considered here, due to its practical importance and prerequisite of 
impulse and turbulent energy mixing for scalar mixing. However, the results here are not just 
applicable"to scalar concentra^tiM7but^l^t^temperature and~vectof~(energy and"vwticity)" 
and so on. Therefore the Schmidt number (Sc) used here can also be regarded as general 
Prandtl number including Prandtl and Schmidt numbers. 

2.1.1 Terminology 

To give a relatively clear meaning of turbulent mixing, some related terminologies with turbulent 
mixing are first discussed. These include: stirring, dispersion, advection, diffusion, chaotic 
mixing and mixing. 

1. Stirring: Stirring signifies the mechanical process whereby fluids are distributed more 
uniformly within a given domain, i.e., stirring is a process of stretching of material line 
and surface through vortices in turbulent flows. It results in the change of quantity per 
volume and the increase of interface per volume, being a pure kinematic aspect depends on 
fluid parameters. Stirring accelerates molecular mixing through the increase of interface 
or gradient [11], 

2. Dispersion [12]: Dispersion normally describes the process by which a quantity disperses 
in a continually flowing fluid without considering molecular mixing. Only fluctuation 
movement of velocity (or vorticity) has influence on dispersion, which can decrease Scale 
of Segregation (G s (r)), but not the Intensity of Segregation (/ 5 (r)). 
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3. Convection: It is also used to describe the stretching, i.e., mixing process [5] and does 
not include molecular mixing. Since convection can also be used for the bulk convection 
of fluids, which is not turbulence property, it is not proposed to use this terminology to 
describe turbulent mixing. 

4. Diffusion: Diffusion means not only the movement because of fluctuation in turbulence 
but also the molecular mixing within the flow [12]. This can be described by, for instance, 
the turbulent diffusion term in energy equation of turbulent velocity fluctuation. Particle 
movement because of turbulent diffusion is similar to Brownian movement [67]. Diffusion 
also means spreading, and so it has a flux of quantity. 

5. Chaotic mixing: In comparison to others, chaotic mixing is relatively a new concept. It 
means that the initial distance between two fluid particles is exponentially increased [82]. 
We make reference to it here, since some papers e.g. [91] and [11] questioned whether 
chaotic mixing plays a role in the mixing layer. If so, it is not clear how the chaotic 
mixing affects the molecular mixing in the mixing layer. 

6. Molecular diffusion or molecular mixing: is an irreversible thermodynamic process, a 
Brownian movement. It is not the characteristic of turbulence. Turbulent can not change 
the characteristic of molecular mixing, but provides a favorable condition for the molecular 
mixing (i.e. increases the interface for the molecular mixing). 

7. Mixing: Mixing in turbulence can be regarded as the change of quantity per volume. 
The scale ranges from large scale to molecular scale. When such a mixing process is 
conducted, the mixing entropy increases thermodynamically. Mixing means both the 
action of homogenization and the result of homogenization. The concept of mixing should 
not be dependent on the scale, i.e. whether it is molecular, micro-, meso- or large scale. 

8. Transport: This term is widely used to describe transport phenomena. All the above 
terminologies belong to transport phenomena. Here it is necessary to mention the differ- 
ence between transport (which is also closely related to transfer) and mixing. In a steady 
heat transfer process with fixed temperature difference in a heat exchanger, there is heat 
transfer (transport), but no mixing (based on spatial homogeneity). However, if mixing 
occurs, there is also transport. 

According to these terminologies, stirring, dispersion and convection mean the same process. 
We use only stirring here. There are also some other terminologies related to mixing used in 
chemical engineering, for example, polymer blending, compounding and so on. To simplify our 
task, these are not considered here. This study will only consider Newton single phase fluids. 

2.1,2 Meaning of turbulent mixing 

The following must first be made clear: 

1. This study not only aims to understand the physical mechanism of turbulent mixing 
and describe turbulent mixing more generally with turbulent mixing criteria, but also to 
control the turbulent mixing based on the given turbulent mixing criteria. 

2. Turbulent mixing criteria should be not only directly related to flow characteristic, but 
also fluid property, since on the one hand it is only the flow property that can be controlled 
directly by the control of flow, not fluid property; and on the other hand, the smallest 
scalar scale is related to fluid property for a given flow. 
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3. In determining which process mentioned above is used to describe turbulent mixing cri- 
teria, it is necessary to know if a process is just based on fluid flow characteristic or fluid 
physical properties or both. 

4. The turbulent mixing criteria should be a more common property and controllable one. 

Mixing means both the action of causing homogeneity and the result of mixing (or stirring), 
i.e., mixedness. Mixing here means to make the distribution of different quantities more ho- 
mogeneous spatially, regardless of whether it is molecularly mixed or not, as for example, in 
chemical reaction engineering, the concept of "ideal mixed reactor". Even if originally, on a 
large scale, two initially separated fluids (on large scale) are not molecularly mixed in turbulent 
flow, it can be said that they are mixed on some smaller scales which are still much larger than 
the molecular scale. It depends on the meaning of scale. The stirring in a turbulent flow can 
make two fluids more homogeneous if the mixing is indicated as the change of homogeneity 
from large to small scale (also called as microscale) in a given control volume. As we know if Sc 
is different, the molecular mixing can be different even though the turbulent flows are the same. 
If the two streams to be mixed are mutually insoluble, i.e., molecular diffusivity D m is zero, 
there will be no molecular mixing, but turbulence really does stir (and therefore mix) them 
to be more homogeneous from large to small scale. Therefore although turbulent mixing can 
enhance molecular mixing, the molecular mixing itself is a fluid property, not a characteristic 
of turbulence, and turbulent mixing would also be dependent on species diffusivity D m (If D m 
is zero, we can not use molecular mixing at all to describe turbulent mixing). So it is necessary 
to give a clear and more general concept of turbulent mixing which is independent of molecular 
mixing. The process from large to small scales in turbulent flow is a flow characteristic which 
is related to stirring and coupled with fluid property. 

Therefore the stirring in a turbulent flow is the flow property and describes what turbu- 
lent mixing essentially mean here, although a lot of other concepts have also been used to 
describe turbulent mixing (see later). However, due to the fact that for a long time molecular 
mixing in turbulence has traditionally been regarded as turbulent mixing, it is preferable to 
divide-turbulent-mixing-into-gene 

to distinguish turbulent mixing from molecular mixing in a turbulent flow, which is not the 
characteristic of turbulence. This helps to describe more clearly what turbulence can do for 
molecular mixing. The general turbulent mixing includes all mixing processes, i.e. mixing from 
large scale to small scale (where molecular mixing can be neglected) and molecular mixing 
(which is the end of general turbulent mixing). The relative turbulent mixing only refers to 
the process from large scale to smallest scale which turbulence can produce, i.e., the process 
of stirring independent of molecular mixing. It can be seen that relative turbulent mixing is 
related to turbulence coupled with fluid property in determining the smallest scalar scale and 
general turbulent mixing relates not only to turbulence, but also to molecular mixing. General 
turbulent mixing includes relative turbulent mixing. For convenience, we also refer to general 
turbulent mixing simply as turbulent mixing. 

2.2 Turbulent mixing criteria 

2.2.1 Collection of existing turbulent mixing criteria 

As mentioned above, the terminology of turbulent mixing is very widely used, so that there are 
a lot of different parameters used for the description of turbulent mixing. These parameters 
are actually consciously and unconsciously used as turbulent mixing criteria. 
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Danckwerts [28] was the first to study the criteria of mixing using statistical methods. He 
proposed both scale segregation and intensity of segregation to describe the scale of unmixed 
scalar and the molecular unmixedness of scalar respectively. These only describe the state of 
mixing, i.e., the degree of mixing, not the mixing rate, i.e., the dynamics. However, the control 
of turbulent mixing directly concerns the mixing rate. It seems that scale of segregation is 
only an integral scale, not a microscale. However, the mechanism of turbulent mixing is closely 
related to small structures. 

Of the existing criteria for mixing and turbulent mixing, twenty two are collected and 
classified in table 1. 
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Criterion 


Advantage 


Disadvantage 


Conditioi 


Author(s) 


1 Visualization with 
dye and smoke and so 
on 


Easy description of 
global large structures 
and scalar mixing 


With difficulty for 
quantitatively high 
resolution and small 
scale measurement 


For a 


Green(1989) 


2 Entrainment E and 
entrainment ratio 
E1/E2 


Easy, only large struc- 
tures information 


No detailed informa- 
tion on the large and 
small structures 


For b 
and e 


Fernado 
(1991) 


3 Spreading rate db/dx 


Similar to2 


Similar to2 


For b 


Cantwell 
(1981) 


4 Contaminant flux 
jS 0 (U c Ac) * 

D is fractal dimension 
with S c > 1 


Capable of description 
of structure 


No mixing state infor- 
mation 


For b 


Sreenivansa 
et al. (1989) 


5 Mixing coefficient 
D mc and e 

JV — UmcQy 


Easy to deal with 
mathematics 


Regarding turbulent 
characteristic as that 
of fluid and thus ne- 
glecting the physical 
meaning 


For c 


Schlichting 
(1979) 


6 Vertical diffusivity of 
heat 


Similar to 5 


Similar to 5 


For e 


Oakey 
(1989) 


7 Scalar dissipation 
rate 

2DjOoabss/d t) 2 


Providing information 
on small structures 


Difficult to measure 


For a 


Landau 

& Lifshitz 

(1959) Dowl- 










ing-(-1990) 


8 Decay of fluctuation 
of velocity and scalar 
(concentration) 
du a /dt,dd 2 ldt 


Easy to estimate 
molecular mixing 


No information on 
scale distribution 


For a 
and d 


Sirivat & 

Warhaft 

(1983) 


9 Scale of segregation 
9(r) = ^^±rl 
L s = f a °°g(r)dr 


Providing with state of 
large scale due to tur- 
bulent mixing 


No small scale infor- 
mation 


For a 


Danckwerts 
(1953) 


10 Intensity of segrega- 
tion 

7 - *L 


With the information 
of molecular mixing 


No mixing dynamics 
and incapable using be 
if molecular diffusion 
coefficient D is approx- 
imately zero 


For a 


Danckwerts 
(1953) 


11 Unmixedness 1 

1 - (CaCb)/CaCb 


valid for both reaction 
and non-reaction sys- 
tems 


Similar tolO 


For a 


Hill (1976) 
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12 Unmixedness 2 

; ti ( C -c)rft 1+ / t9 (c-c)dt 2 

J tl (1-5*1 +/ tl (ate 
= timewhen c> c 
t 2 = timewhen c <c 


The experiment noise 
is smaller when c in 
near 1 or 0 


Similar to 10 


For a 


Konrad 
(1977) 


13 Mixedness parame- 
ters 

1 No 7 

iV ° ~ po dy 
at2 _ 5 dpr(y) 
JV - On dy 


Similar to 10 


Similar to 10 


For e 


De Silva 
k, Fernado 
(1991) 


14 PDF (probability 
density function) of 
vector (e.g. velocity) 
and scalar (e.g. tem- 
perature) 


Related to molecular 
mixing result and ca- 
pable of being used 
for flows with reaction 
when scalar is passive 


No structures informa- 
tion 


For a 


Toor (1962) 

Sosinnovich 

(1991) 

O'brien 

(1980) 


1 5 Velocity distribu- 
tion in transverse di- 
rection 


Easy to measure and 
model 


No turbulent structure 
information 


For c 


Vlasov 
(1965) 


16 RTD (residence 
time distribution 


Able to prove mixing 
model 


Unable to predict mix- 
ing 


For f 


Baldyga 

& Bourne 

(1986) 


17 Degree of segrega- 
tion defined by "age of 
fluid at a point" 


Similar to 16 


Similar to 16 


For f 


Baldyga 

& Bourne 

(1986) 


18 Ratio of diffusion to 
convection x \ 

duiq 2 /2 

dxi 


Providing with more 
about turbulent struc- 
ture 


Only refers to mix- 
ing without molecular 
mixing 


For c 


Fiedler et al 
(1991) 


19 Turbulent Peclet 
number 


Good for open systems 


No details of struc- 
tures 


For a 


Brodkey 
(1967) 


20 Mixing efficiency 
t ^ , where Rf is flux 
Richardson number 


Similar to 18 


Similar to 18 


For e 


Peters & 
Gregg (1989) 


21 Striation thickness 
of mechanical mixing 
S=h(Sa + S b ) 


Able to describe veloc- 
ity field 


Not for turbulent flow 


For g 


Ottino 
(1989) 


22 Amount of area be- 
tween fluid or interfa- 
cial area per unit vol- 
ume 


Similar to 21 


Similar to 21 


Similar 
to 21 


Ottino 
(1989) 



Table 1: Collection of existing mixing and turbulent mixing criteria, a: all flows; b: free turbulent 
flows; c: shear flows; d: homogeneous flows; e: geophysical stratified flows; f: reactors; g: chaotic 
advection. 



10 



2.2.2 Classification 



To analyze the turbulent mixing criteria, it is better to classify them first. 

2.2.2.1 Mixing rate (including above collected criteria from 1 to 8) The mixing rate is related to 
the dynamics of mixing. Some terms in the turbulent kinetic energy equation and transport equation 
of scalar correlation can be used here to describe the mixing rate. They are: 

a. Diffusion rate (2 ~ 6): This group describes transport property through a flux under a gradient. 

b. Dissipation rate (criterion 7): Dissipation of scalar is used as criterion. 

c. Fluctuation decay rate (criterion 8): Due to turbulent diffusion and dissipation, the fluctuation 
will be decayed. For homogeneous isotropic turbulent flow, the dissipation rate is equal to the decay 
rate. 

2*2.2.2 Mixing state (including criteria from 9 to 15 and 1) Based on different scales (macro-, 
micro- and molecular scale) this type of criterion describes the homogeneous distribution of different 
scalar in a turbulent flow. It includes: 

d. Macromixing state (criteria 1 and 9): This group relates to the mixing state on macroscale in 
a turbulent flow, but with no details on turbulent and scalar structure. 

e. Molecular mixing state (criteria 10 ~ 15): These describe the mixing result on molecular scale. 

2.2.2.3 Ratio of diffusion to convection or molecular mixing For a limited bulk con- 
vection time, i.e. fixed volume, the way in which scalar mixing in cross direction compares with bulk 
convection is also important for mixing control. Such a mixing is related to turbulent mixing because 
of velocity fluctuation. 

f. Ratio of turbulent diffusion to bulk convection (criterion 18): As bulk convection is not a 
characteristic of turbulence, the influence of turbulence on mixing (due to turbulent diffusion) can be 
obtained from this criterion. 

g. Turbulent Peclet Number Pe (criterion 19): There are as many different types of Pe as Reynolds 
number (Brodkey [12]). Here we mean the ratio of turbulent diffusion to molecular mixing. 

All the above mentioned criteria can be used for a vector and its corresponding scalar. 



2.2.3 Analysis 

It seems that there is no a general criterion for turbulent mixing and only one criterion is not sufficient. 
Different criteria are used for different situations. Although visualization is a good method, it is, at 
present, more qualitative and not quantitative enough. (However Dahm et al [26] have successfully 
used high resolution four-dimensional measurements on fine scale structures. This provides a promising 
way in the future to combine visualization and quantitative measurement for both whole field and fine 
structures.) 

Measurement just in one point is not sufficient, and neither is only within shear layer. Usually the 
measurement is conducted only within turbulent flow (for example in the mixing layer). In the study 
of engineering, the whole flow field is of interest. This criterion should be used on the whole flow field. 

Entrainment is a large scale process. Large entrainment is the favorite process for mixing in 
the whole flow field, but it cannot provide details of small scale structures. Scalar scale under large 
entrainment at fixed position downstream is not absolutely smaller than that under small entrainment. 
If molecular mixing is of interest, entrainment is not enough for the turbulent mixing criterion. 

Only the mixing rate from the large to small scale i.e., relative turbulent mixing, can be controlled, 
not molecular mixing itself. The molecular mixing is not directly, but indirectly related to flow 
characteristic. With the use of molecular mixing it is difficult to predict at what flows conditions, i.e., 
under which dominating scale is the scalar mixed. Only with some models the molecular mixing may 
show the flow condition under which molecular mixing is strong. If different Sc are used, the same 
mixing rate of the relative turbulent mixing will have a different molecular mixing. The turbulent 
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mixing can be described indirectly by molecular mixing, but not definitely if D m is zero. The relative 
turbulent mixing is of fluid flow characteristic and general turbulent mixing both flow and species. So 
it is necessary to establish a turbulent mixing criterion to describe the relative turbulent mixing on the 
point of turbulence control. Final result of the relative turbulent mixing establishes a bridge between 
flow and molecular mixing. The relative turbulent mixing directly related to flow property and can be 
used to describe the mixing control mechanism more directly. None of the criteria considered above 
can be used to describe the relative turbulent mixing, i.e., no of them can establish a direct relation 
between turbulent flow and molecular mixing directly. Here we are concentrating on relative turbulent 
mixing. 

The concept of mixing rate and mixing state are different. The rate is a dynamics process of 
mixing of two quantities. It expresses how fast a mixing process is. However, mixing state shows at 
what a degree they have be mixed, i.e., mixedness of mixing results. A larger mixing rate does not 
mean the unmixedness is small, and vice versa. It depends on the initial conditions. They are only 
related when the initial condition is the same, i.e., large rate results in large mixedness at the same 
spatial and temporal point. Therefore both the mixing rate and state should be used for a complete 
description in some cases. 

2.3 Mechanism of mixing in a turbulent flow 

The mechanism of turbulent mixing is very complicated. The vector mixing is already very difficult 
to understand, let alone the scalar mixing in turbulent flow. If a scalar molecular mixing is involved, 
the size of the smallest scalar scale, Obukhov and Corrsin scale {he), Batchelor scale Ib is important 
for molecular mixing. The smallest scalar size Is depends on the smallest vector scale, Kolmogorov 
scale Ik, which, in turn, depends on flow properties. On the one hand the smallest vector scale is a 
flow characteristic and on the other hand, the smallest scalar scale Iqc and Ib is also related to the 
physical properties of the quantity, e.g. Sc for scalar. Different flow has a different smallest vector 
scale and under the same flow, different Sc have different smallest scalar scales. Furthermore, the 
mixing dynamics also depends on the initial condition, e.g. initial scalar scale. 

2.3.1 Scenario of mixing in turbulent flow 

In chemical engineering, mixing is divided into three stages (Beck and Mueller [6]; Baldyga and Bourne 
[4] and Villermaux [108]). 

1. Macromixing: Distribution of one fluid through the other and uniformization of average com- 
position without decreasing local concentration variance. 

2. Micromixing: which consist of: 

• Large scale to small scale and 

• Molecular mixing at small scale. 

In turbulence group, Fiedler [36] observed, that a mixing layer entrains the two streams at first 
stage just on the large scales, then the large scales break down into small scales, and the scalar 
(temperature) distribution in the large vortices in transverse direction is almost constant, and there is 
still no molecular mixing. This is a new observation, which is contrary to the traditional understanding 
of the gradient transport model for such a flow. Similar result is also observed by Konrad [61], who 
found that with further downstream (i,e. increase of Re), the molecular mixing increases rapidly in 
the whole transverse direction, which he named as mixing transition. Such a new concept of mixing 
transition is thought as a new contribution for mixing mechanism [91] and [10], 

2.3.2 Three characteristics of turbulent mixing 

Corresponding to the scenario of turbulent mixing, there are three characteristics for turbulent mixing. 
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1. Macro-dispersion (Entrainment): Macro-dispersion means one quantity disperses into the other 
on large scale (entrainment from jet and mixing layer can also be regarded as dispersion). Vortex 
diffusion resulted from large scale fluctuation is the reason for the macroscale dispersion. This 
process make the fluids in large space homogeneous, i.e. macromixing. 

2. Micro-dispersion and more small scales: Micro-dispersion means that in turbulent flows the 
original two large scalar scales disperse each other on microscale (i.e. small scale). In this 
process the molecular mixing resulting from molecular diffusion becomes greater and greater, 
but still does not dominate. Because of the fluctuation of velocity, the material line and surface 
will be stretched, and the large vortices lose their stability and more and more small scales 
emerge through relative turbulent mixing. This results in the microscale dispersion. As the 
results of this process there is a large interface between the two quantities with the initial 
gradient at the interface between them in the whole field. 

3. Large molecular mixing: After (2), if D m > 0, the large interface and gradient will increase 
the molecular mixing rapidly between the two quantities and result in a transition process for 
molecular mixing. This is why molecular mixing is stronger in turbulence than in laminar. The 
molecular mixing (or diffusion) will obliterate the interface and gradient. The process happens 
in turbulent flows with and without average velocity gradient. 

2.3.3 Scale sizes 

The largest scale for vector and scalar is the scale of geometry considered. For vector, the smallest 
scale is the order of Kolmogorov scale l K = (z^/e) 1 / 4 . The smallest scalar scales are Obukhov and 
Corrsin scale (loc) and Batchelor scale depending on Sc. These can be divided into three situations: 

1. Sc < 1: The smallest scalar scale is approximately loc = (D^/e) 1 ^ (loc » Ik)- 

2. Sc ~ 1: The smallest scalar scale is around the scale loc [loc ~ Ik)- 

3. Sc » 1: The smallest scalar scale is about Ib = (D^v/e) 1 / 4 (Ib « Ik)- 

Scales larger than Ik can be controlled by turbulence control, but scale smaller than Kolmogorov 
scale are controlled'by viscous-convection and viscous-diffusion, not turbulence. 

2.3.4 Geometry of small scale 

The geometry of small structures is still not quite clear. There are three possibilities: slab, tube 
and sphere. Townsend [105] showed that the small structure of a vector is sheet-like and line-like in 
his experiment; Kuo and Corrsin [63] conclude that fine structures are more like to be line-like than 
sheet-like or sphere-like. Dahm et al [26] found in their experiment that the small scalar structure for 
high Sc is slab. Sphere is better for molecular mixing since the interface is larger than with the other 
two. It is still unclear if such small scale structures can be controlled. 

2.3.5 Timescales of two processes 

According to the above mentioned turbulent mixing mechanism, that there are two important processes 
for turbulent mixing: (1) The initial large scale vortices in turbulent flow become small scales due to 
their instability creating small scale scalar out of initial large scale scalar. The smallest scalar scale is 
dependent on Sc. (2) The molecular mixing dominates at the small scale. 

2.3.5.1 Large to small scale In Broadwell & Breidenthal model [10], it is estimated according 
to Kolmogorov cascade theory at high Re, that the time needed for molecular mixing at initial scale 
Li is almost infinite compared with the time turbulence takes to reduce large scales Li to small ones 
l s . Initially molecular mixing can be negligible since the interface is too small. With the reduction 
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of scale, molecular mixing becomes more and more important. Near l s molecular mixing dominates. 
The molecular mixing time t 3 at l s is then very small. If small scale l s is the time needed to reduce 
initial large scale to small scale Ik is 

T K = hL/AU 



for Re » 1, where k\ is a constant. 



2.3.5.2 Molecular mixing of small scale According to Broadwell and Breidenthal model, 
the time needed for molecular mixing at scalar size Ik is approximately [10] 

l 2 w L SC J SC (<y o\ 

'^tn^MjWT^^B^ (2 - 2) 

In Broadwell and Breidenthal model, the time T K needed from large to small scale is much larger 
than t K , which is needed for molecular mixing of small scale l K , and t K given in eqn (2.2) is a upper 
limit for the time required for the fluids to reach homogeneity for Sc > 1 when Re is high enough, 
i.e. t K > t B - (here t B means the time needed for molecular mixing at scale of l B ) The time t K is 
negligent compared with Tk- 

2.3.5.3 New mechanism for turbulent mixing According to the Broadwell and Breiden- 
thal model, Tk » However, the new experimental result (see later in this work) shows us that, 
under special management, when a flow with a given initial Re number, is specially controlled, e.g. 
through periodical forcing, the developing length or time the flow takes to reach l K from i.e. T K , 
can indeed be much reduced compared with its corresponding unforced one, so that T K could be in 
the same order of t K \ Furthermore, the flow properties of statistical structures with a large initial Re, 
can be obtained in a flow with a small initial Re under specific forcing (see later experiment result in 
this work). 



2,4 Ideal relative turbulent mixing process and state 

To give a criterion, it is helpful to propose a "standard process" for comparison. For instance, in 
thermodynamics, there is a Carnot cycle as an ideal cycle and we can compare a practical process 
with the ideal cycle to estimate the goodness of the process. A question is if there is an ideal relative 
turbulent mixing process? If there is, what is an ideal relative turbulent mixing process? What is the 
relationship between the ideal relative turbulent mixing process and a more general turbulent mixing 
criterion? These questions are needed to be answered before a new and more general turbulent mixing 
criterion can be established. Turbulent mixing criteria should involve the turbulence property for a 
given Schmidt number. Different flow has different small scale structures. The small scale of turbulent 
flow is the important parameter for molecular mixing. The ideal relative turbulent mixing process 
should be related to the small scale structure of a turbulent flow. 

Let us consider the case of a given initial Re number. Fig. 2.1 shows the turbulent mixing process. 
The initial two scalar A and B at scale of L; will be molecularly mixed. Suppose there is a small scale 
Z 5 , which is controllable, and under which the molecular mixing will dominate and be finished within 
time t m . From the initial scale, they are mixed initally into large scale within time Ti. Through the 
large vortices, the large scalar scale breaks down into meso scale in time T 2 . Within time T 3 , the 
scalar becomes small scale l 8 . The time that turbulence takes to decrease L{ into l 8 homogeneously in 
the whole flow field is T s . The smaller Z„ the smaller * m . The smallest l s is fixed for the given Re and 
Sc. What turbulence can do is to achieve l s from L; in time scale of Eq. (2.2) and length scale of 

l K = KL/Re-^ ( 2 - 3 ) 
as l s is related to the Kolmogorov scale l K as mentioned above. Where k a is a constant. 
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Ts(=T1+T2+T3) 



T3. 




Figure 2.1: A simple sketch of turbulent mixing process. 



The relative turbulent mixing (from L z to l s ) and molecular mixing progress simultaneously. At 
the initial large scale, the molecular mixin g is neglig ible. With the development of turbulent mixin g, 
molecular mixing becomes more and more important, At small scale Z s , the molecular mixing domi- 
nates. The molecular mixing can be approximately described by an one dimensional diffusion equation 
at small scale of a slab. 

dt' Dm dX (2-4) 
with initial condition approximately 

c = co, -h < x < +h (2.5) 
where h is the character length, i.e., here i 5 /4. Its solution is according to Crank [24] 

where x is the coordinate normal to the interface and erf is the error function. The time for molecular 
mixing depends on small scale size h and D m . 

As we know form Broadwell and Breidenthal model, traditionally T s » t m . If, however, we could 
find a bypass process, where turbulent mixing (i.e. from Li to l s ) in the local whole flow field is so 
fast, that T s < t m , such a process is called ideal relative turbulent mixing process. This means that, 
before molecular mixing dominates at scale / s , the scalar is already on the local whole field distributed 
homogeneously at scale of l s through turbulence. In ideal relative turbulent mixing process, turbulence 
has done its best for mixing within t m and the whole mixing rate is not controlled by turbulent mixing. 

Batchelor [5] pointed out that, turbulent mixing increased the interface and the gradient of the 
scalar. At the local point far away from the initial interface the gradient is indeed at the beginning 
zero. However, it is thought here that turbulence globally keeps the initial large gradient from diffusion 
region at the interface and only increases the interface for the molecular mixing in the initial period. 
So we have only one parameter, i.e., the interface surface per volume. 

l s depends on Sc and chemical reaction kinetics if there is a reaction. The higher Sc is, the smaller 
l s , and thus the more difficult to reach such a ideal process. The higher the chemical reaction kinetics 
rate is, the smaller t m , and the larger Z s . 
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• Sc < 1: / s = loc, 

• Sc » 1: l s = h- 

The range from l K to l B is related to strain rate at scale l K , i.e., viscid-convection region, which 
may be difficult to control, since the process is stochastic. Generally we have l K > U > Ib if SO 1. 

The flow corresponding to the ideal turbulent mixing state should be approximately isotropic. The 
result of the ideal relative turbulent mixing process is an ideal relative turbulent mixing state, under 
which the small scale is homogeneously distributed in space with one another (dissipation intermittency 
is not considered here for simplification) and the molecular mixing is not finished. The unmixedness 
is still not small and the power spectrum density corresponding to scale of l s is not negligible. The 
statistical property of scalar is almost homogeneously distributed on the surface perpendicular to bulk 
convection direction at the local position. All these results are more apparent for Sc » 1 than Sc < 1. 
After the ideal relative turbulent mixing state, the above mentioned parameters (i.e. the unmixedness, 
power spectrum of small wave length) will reduced dramatically. 

The ideal relative turbulent mixing process is quite different from Broadwell and Breidenthal 
model, since in Broadwell and Breidenthal model T a > t m , but in ideal relative turbulent mixing 
process T s < t m . Therefore the ideal relative turbulent mixing process is a very harsh condition. In 
practice it is very difficulty to realize such a process. The ideal relative turbulent mixing process shows 
us the highest rate which turbulence can reach to enhance molecular mixing, and how far away an 
actual process is from the ideal relative turbulent mixing process and how much potential is left for 
mixing control throu g h turbulence control. 

The ideal relative turbulent mixing process is a relative one, not an absolute one, since the L, 
depends on the initial flow condition and I, depends on Sc. The smaller L» is, the closer the process 
is to the ideal relative turbulent mixing process. It is a question of flow management. But once U 
is determined (i.e. geometry), and when initial Re is also fixed, the difference between a practical 
process and the ideal relative turbulent mixing process is dependent on flow and flow control. t m could 
be related to a required time scale, i.e. it is ad hoc. For example in the case of a very fast reaction, 
t m should be as small as possible to match reaction time scale. However, for middle rate reaction, t m 
could be larger. 

For a jet and mixing layer, since there is always a new large scale entrainment, multi-lump model is 
needed to revise the above mentioned ideal relative turbulent mixing process, v.z., the local entrained 
fluids will mix with their last shear layer fluids composition. 

For engineering, the requirement of the whole flow field is important concerning the compact, e.g. 
in aircraft. In such an ideal process, the relative turbulent mixing will have transformed the scalar 
from large to small scale within t m . 

It should be clear that even though we are concerned with molecular mixing, the turbulent mixing 
criterion concentrates on flow characteristic. It is not contradicted, due to the fact that the result 
of ideal relative turbulent mixing process is the condition, where molecular mixing dominates. The 
molecular mixing can measured through chemical reaction, but the measurement resolution is not 
the molecular mixing scale. The measurement scale for reaction result is still limited by the spatial 
resolution of sensor. The concept of the relative turbulent mixing, ideal relative turbulent mixing 
process and state can be used not only for molecular mixing in dissolvable single phase fluids, but also 
for indissoluble fluids and multiphase flows. 



2.5 New criteria for turbulent mixing 

Turbulent mixing criteria should provide some certain quantities (or parameters) for the quantitative 
description of turbulent mixing. Danckwerts [28] has given four requirements for mixing criterion 
in practice. Here, a fifth should be added: turbulent mixing criteria should be able to help for the 
turbulent mixing control. 

The new criteria are related to the relative turbulent mixing and ideal relative turbulent mixing 
process. It is better to use more than just one criterion to describe turbulent mixing because of both, 
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its physical complexity and its stochastical property. Prom the reviewed criteria, it is found that there 
is no criterion to describe the microscale mixing rate and state which provides information on small 
scale structures distribution as a result of the relative turbulent mixing. The new criteria concentrate 
on the small scale (or microscale) property. 

2.5.1 Mixing rate 

Due to the fact that ideal relative turbulent mixing process is related to the initial scale, the spatial 
and time scale used for mixing rate should be dimensionless and scaled with initial length L { for 
physical length scale and large scale convection time L { /U for time. Then the mixing rate r m can be 
described as 



(2.7) 



(2.8) 



r m = ((Li - l,)/Li)/(T,/(Li/U)). 
The mixing rate r im of ideal relative turbulent mixing process is 

Tim = [((Li - / s )/Li)/(W(Vtf))]i- 
The relative turbulent mixing rate 

■^r = ^m/^im = t m /T $ . (2.9) 

One should be careful in using because l s is not absolutely the same for different flows. However 
for a given initial condition, Rr strongly depends on the control of the flow. If R,. = 1, turbulence 
has done its best for molecular mixing through ideal relative turbulent mixing process. The relative 
mixing rate Rr is relatively a general turbulent mixing criterion and gives a relatively clear limit for 
turbulent mixing regardless of whether fluids are mutually soluble. 

2.5.2 Mixing state 

2.5.2.1 Zero crossing point number of gradient (G z ) When the scalar is not molecular 
mixed for a given scale, there is a zero crossing point of concentration gradient along a spatial direction 
[44]. At the ideal relative t urbulent mixing stat e , the zero c rossing point number G z gets its maximum 
value-per unitiength. If a image measurement has a sufficient high spatial resolution, the number of 
zero crossing per length G z in any direction perpendicular to bulk convection direction should have a 
maximum value at the ideal relative turbulent mixing state. For temporal point measurement with a 
high enough resolution (both spatial and temporal) and signal to noise ratio, a maximum value of G z 
can be obtained by calculating G z of the concentration time trace gradient per unit time, i.e. G z of 
dc/dt. This value should relate to l s . 

2.5.2.2 Power spectrum density (psd) At the beginning, there is no small scale scalar, so 
the psd has no contribution from high frequency. With the proceeding of turbulent mixing, more 
and more small scales will emerge and for high enough Re, there will be a -5/3 exponent for psd of 
concentration (c) because of its corresponding -5/3 exponent of psd of velocity spectrum. If Sc > 1, 
there could also be a -1 exponent after -5/3. If there is such a -5/3 or -1 exponent for psd of c, it 
indicates that the corresponding small scale in physical space is achieved. If there is no such a -5/3 
at all during the proceeding of turbulent mixing, the relative turbulent mixing can not be good even 
though the Re may be small (see result later). 

At the ideal relative turbulent mixing state, there could be a frequency, higher than which the 
powerjpectrum density^ducgsjts exponent rapidl y from either -5/3 or -1. This freq uency should 
correspond to l s and can also be used to estimate After the state, the exponent will be smaller 
than -5/3 around this frequency and pad decrease very fast around this high frequency region. 



17 



2.5.2.3 Probability density function (pdf ) For a given Sc > 0, pdf and intensity of seg- 
regation can also be used for easiness. At the ideal relative turbulent mixing state, the pdf of C still 
has its contribution from unmixed fluid if the spatial resolution is high enough, and after the state, 
the pdf decreases very fast to almost zero from unmixed fluids. The pdf of C increases then very fast. 

2 5 2 4 Intensity of segregation Although molecular mixing is not turbulence property, for 
a'given Sc > 0, molecular mixing can indirectly exhibit the characteristic of turbulent mixing. At the 
beginning, the intensity of segregation is zero, but increases very fast as turbulent mixing progresses. 
Then decreases very fast near the ideal relative turbulent mixing state. 
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3 Experimental set-up and measurement procedures 



In order to achieve a strong mixing (which helps to reach the ideal state), a steady state (which makes 
the measurement and later analysis easier) and no further large scale entrainment (which makes the 
model flow simple), a confined plane wake and mixing layer in a pipe is used for this study. 

3.1 Water channel 

The experimental configuration is shown in Fig. 3.1. Two vessels 300 liter volume, 2.5 m higher than 
test section supply water and water solution (dye) to the water channel respectively. The water level 
changes little during 40 s run so that the fluid velocity is almost constant. One vessel is filled with 
water, and the other with the molecular mixed disodium fluorescein water solution. Rotameters are 
used to control and measure the velocity of the fluids, which are filled into the settling chamber from 
the side of the wall respectively. The settling chamber upstream of the nozzle is 400 mm long, and has 
one honeycomb and two sieves. The Nozzle contraction ratio is 10:1, and 100 mm long. The nozzle is 
designed in the light of Borger's theory [8]. In the axial-symmetrical center of settling chamber and 
nozzle there is a splitter plate, which has a uniform thickness of 5 mm in the settling chamber and a 
sharp trailing edge at the end in the nozzle. A Plexiglas pipe of 42 mm inner diameter, 4 mm thick 
is connected with the nozzle. The pipe is totally 2.1 m long. At 1 m x-position downstream, there is 
a cube. In the middle of the cube a mirror is placed for visualization. The cross section of the cube 
is large enough so that the block of the mirror has no influence on the flow in the test section. 




Pinhole 

Green 

light Filter Pv^ 
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Figure 3.1: Experimental schematic. 



At the measuring position there is a rectangular water vessel with a window made of quartz 
glass (for high optical quality), which is used to prevent refractive distortions from air to the circular 
Plexiglas pipe and water. Since the optical quality of the thick Plexiglas wall of the pipe is rather 
poor and its refracting index is not exactly the same as that of the water, there is a window at the 
measurement point of the pipe which is replaced by a plastic sheet of the kind used for overhead 
projectors with thickness 0.17 mm. The transparency is sealed by Sikaflex-260. This enables better 
focusing of the laser beam. 
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3.2 Forcing methods 

Two different methods are used for forcing. 

3.2.1 Loudspeaker 

Near the input of the settling chamber, there is a loudspeaker in the axial-direction on the low 
velocity side which is used as the actuator. The speaker excites the flow through the connection with 
a plastic membrane, which in turn connects directly with water. Due to high pressure of the water, 
the membrane is under too much pressure, so that it cannot been forced to move by the speaker. For 
this reason, a sealed flash is used and the speaker is also sealed. There is some water in the flash. The 
water in the flash is connected with the fluid in the settling chamber through a tube and the air in 
the flash is connected with the loudspeaker. If the pressure in the settling chamber is increased, the 
pressure in the flash will rise. This also results in an increase in the pressure on the speaker side of the 
membrane, so that the membrane can keep in equilibrium and oscillate. A condensator is constructed 
between the speaker and membrane to measure the amplitude of the membrane. The condensator 
is connected to a frequency bridge, which is connected to an oscilloscope. The relationship between 
the amplitude of the speaker and the signal from the frequency bridge can first been calibrated (it is 
linearly related). Through this construction the amplitude of the speaker can been controlled. The 
signal generator used for loudspeaker is HP 33120A. The forcing signal is sinusoid. A DFVLR power 
amplifier is used to amplify the signal for the loudspeaker. 

3.2.2 Valve 

The loudspeaker cannot be used for higher Reynolds numbers, therefore another forcing method is 
used. The high speed fluid is first divided into two parts, and each is followed by a rotameter. One 
of them has a valve, which can be rotated by a motor. The rotation of the valve results in a periodic 
blocking of the fluid, and thus a periodic velocity. The forcing frequency can be controlled through 
the speed of the motor and the amplitude through the flow volume of the two streams. The frequency 
of this method is not as accurate as the first one. 

3.3 Optics 

In order to understand the mechanism of turbulent mixing and to prove the above mentioned model of 
ideal relative turbulent mixing process experimentally, it is necessary to measure the scalar distribution 
at scales as small as possible. The smallest scale of scalar can be very fine, say, of the order of 
0.1 ~ 10 fim in water flows depending on the flow itself and the physical properties of the fluid, i.e. 
Schmidt number (Sc). If the spatial resolution is not high enough (i.e. the measuring volume is larger 
than the smallest scalar scales in the flow), some physical details will be lost and this in turn obstructs 
the understanding of the physical process of turbulent mixing. Laser Induced Fluorescence (LIF) is 
used for the measurement. The optics should be optimized both for fine focusing and maximum signal 
collection to the photomultiplier tube (PMT). 

3.3.1 Optics for focusing laser beam 

In order to get high spatial resolution for fine scalar scale, the laser beam must be extremely fine 
focused. For this purpose, a complex optical system is constructed. At the output of the laser beam, 
an optical filter is used to obtain only blue light, since the laser output consists of green and blue 
light. The green light is directed to an optical fiber for visualization. Behind the optical filter, there 
is a spatial filter consisting of a lens 1.5/10 and a pinhole of 30 /xm. After that a beam expander 
consisting of the spatial filter and a tele-objective is used. The expanded beam is about 55 mm in 
diameter. After that, an objective 1.4/150 (Astro-Berlin, No. 26862.) is used to focus the beam in 
the pipe through the thin plastic windows described above. The focus waist is measured to be about 
4 //m. 
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3.3.2 Optics for photomultiplier tube (PMT) 

Perpendicular to the laser beam, an objective 1.4/50 (Nikon) is used to image the focus point onto 
the photomultiplier tube (PMT). The diameter and numerical aperture of the objective should be 
large, and the objective should be as close as possible to the focus point, so that more emitted light 
from the fluorescence can be collected, and thus the signal to noise ratio (SNR) increases. The high 
modulation transfer function (MTF) of the lens is also needed for the fine focusing measurement. 
Before the PMT cathode, a pinhole of 10 \xm is mounted to ensure that no more than 4 \im of the 
beam waist will be seen by the photocathode of the PMT when the image distance is 2.75 times 
larger than the object distance. Such an arrangement can also reduce the deviation of the signal if 
the focus point is not perfectly imaged into the pinhole during measurement. Thus at the measuring 
point the spatial resolution is about 4 (//m) 3 . The pinhole must be as close as possible to the cathode, 
otherwise because of the small aperture, diffraction behind the pinhole can occur, and some light after 
the pinhole can be lost. Just before the pinhole, an optical filter 540FD66-50SX from Oriel is used 
to permit only the light between 500 nm and 600 nm to pass, which is the most of the fluorescence 
light, and filter out other "noise" light (including possibly UV noise), especially the blue light which 
is emitted by the particles in the water. The pinhole and filter for the PMT are fixed to the PMT. 
A three dimensional positioning system is used to adjust PMT until maximum output from PMT is 
reached. This ensures that the focusing point is best imaged into the pinhole. 

3.3.3 How to determine the focused diameter 

According to Ready [88] the waist of a focused laser beam can theoretically be calculated by 

d f = 2.44 * X w * F/Di (3.1) 

where d f is the waist diameter of the focused beam; X w is the wave length of light; F is the focus 
length of the lens and D { is the diameter of the aperture. In reality, however, this theoretical result 
is scarcely achieved because of imperfect quality of optical parts and optical assemblies, especially for 
very fine focus diameter, i.e. near the diffraction limit. For instance, it is found that too large a beam 
diameter is not always good for fine focusing due to the phase difference of imperfect lenses, although 
theoretically the larger the diameter is the smaller the focused diameter should be. Therefore, for 
fine-focusingriHs-necessaxy-to-me 
diameter. Four methods have been applied here. 

1) Thin wire scanning 1 : The wire must be much smaller than the focused diameter. The wire is 
controlled to move across the focus point of the laser beam at different laser axial positions. When the 
wire moves inside the laser beam, it reflects light. An optical detector can be used to register the signal. 
When the wire goes across the focus beam, a Gaussian light intensity distribution is obtained. The 
width is defined between the points of 16% of maximum beam intensity [33]. With the change of axial 
positions, a number of such curves can be obtained, from which the narrowest width is determined. 

2) diffraction: This is a Fourier optical image. When the wire arrives at the edge of the beam, 
there will be a dark circular area on a screen which is placed behind the focus point. When the 
wire reaches the center of the focus point, there are three dark areas on the paper. With the further 
movement of the wire to the other edge of the beam, there is again only one dark area but on the 
other side. Before and after the focus point these pictures are symmetric and larger. At the waist, 
the picture is the smallest. 

3) Pinhole: The light power at the focus point is measured with a photodiode first without a 
Pinhole. Then, a pinhole is placed just at the focus point and the photodiode is fixed just behind the 
pinhole. When the light power is reduced to about 84%, the pinhole diameter is approximately equal 
to the focus diameter. 

4) Image + microscope: Use a lens to image the focus point in the water channel to some point 
outside. A microscope is then used to measure the smallest beam diameter. 

x This method is recommended by Dr. Lehmann from DLR. 
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3.4 Measurement Processing 

3.4.0.0.1 Laser: The laser is a Coherent Inova 90 with a power of 5 Watt. The laser light 
is composed of blue (488 nm) and green (514 nm) light and is adjusted to TEM 00 mode. Since the 
fluorescence emission spectrum is strong at 514 nm, and thus the scattered laser light (514 nm) from 
the particles in water can cause noise, only the blue color light is used as exciting light and an optical 
filter is placed at the output of the laser, which only passes the blue light. Fluorescein disodium is 
used here as dye and its Schmidt number is about 2000 [17]. 

3.4.0.0.2 Light detector: In this experiment, the maximum input light power is estimated 
from measurement to be in the order of 10~ 10 W. To achieve a frequency bandwidth of 100 kHz, 
which is the order of frequency of very small scales, i.e. in the range of Batchelor spectrum, it is 
impossible to use a photodiode as the light detector because of the very small level of the signal, and 
a photomultiplier tube (PMT) is therefore used. To reduce dark noise to a negligible level, a PMT 
R6060-2 with peltier and heat sink from Hamamatsu is used here under cooled condition. 

3.4.0.0.3 Amplifier: The output current from the PMT is very small and must be amplified 
by a current amplifier to match the analog to digital convert (ADC) input range and get the best 
resolution. The Re number is in the range of 400 ~ 33000 based on pipe diameter and average velocity. 
The corresponding frequency of the smallest scale is around 100 kHz. The maximum frequency we 
can measure from ADC is 125 kHz. To make sure that no extra noise comes from the amplifier, a low 
noise current transimpedance amplifier with transimpedance (gain) of 2.5 * 10 6 V/A and frequency 
bandwidth of 280 kHz was constructed by the author. To receive instantaneous signal 100 kHz without 
3dB loss of its amplitude, the bandwidth of the amplifier should be about 280 kHz according to our 
test. The noise current from the amplifier is only about lOOfA/Hz 1 / 2 (it was measured by FEMTO 
Messtechnik GmbH). Fig. 3.2 shows the diagram of the amplifier. The amplifier consists of two 
operational amplifiers in series. The first one is inverse amplified through JFET of LF657 because of 
its low input noise current and the second one is non-inverse with OP37 because of its low input noise 
voltage. The feedback resistance is high enough so that the Johnson noise is much smaller than dark 
noise. The dark noise and Johnson noise from the amplifier and the PMT can be negligible (see later). 
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Figure 3.2: A simple sketch of low noise current amplifier. 



3.4.0.0.4 Filter: The noise coming from the PMT has a very wide frequency bandwidth, 
especially for frequencies higher than 100 kHz. The maximum frequency which can be measured in 
this system is 125 kHz, therefore a low pass analog filter is needed. Low pass analog filter is used for 
two reasons: eliminating the high frequency noise from the PMT and being anti-alias for the ADC. 
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To get real time trace signal, it is expected that the filter should have small phase distortion and high 
attenuation rate (rolloff). For this aim, two 4th-order analog low pass Bessel Filters EWR-3-4-BE-T/S 
from MessTeam are used in series to obtain a 8th-order filter. The cutoff frequency range is from 10 
Hz to 999 kHz. With the low pass filter the signal to noise ratio is considerably improved. 

3.4.0.0.5 ADC: The analog to digital converter (ADC) DT2821-G-16SE by Data Translation 
is used here. It has 12 bits resolution and its maximum sampling rate is 256 kHz. The data axe 
directly saved on a hard drive. The sampling program from Data Translation was changed to enable 
data storage continuously at 256 kHz rate for more than 40 s. The computer used for sampling is a 
Pentium 90. The sampling rate was changed with Reynolds number. 

HP 3562A Dynamic Signal Analyzer is used due to its low noise characteristics. A multimeter 
Model 2000 from Keithley is also used to read the signal. 
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4 Laser Induced Fluorescence (LIF) 



4.1 Thermal blooming 

According to Beer's law, the laser light will attenuate along the dye medium because of absorption. 
Energy conservation implies that the absorbed energy will be partially converted to emitted light and 
partially to heat due to the quantum yield of fluorescence and photobleaching (for instance increasing 
molecular collisional quenching without radiation). Too high laser intensity 7/ can result in more heat 
absorption and temperature increase at the measuring volume when concentration C is not very small 
This can result in the change of fluid density and consequently a refraction gradient there, i.e. thermal 
blooming [62]. If the fluid flow velocity is too small, thermal blooming could have an influence on 
experimental result. The effects of thermal blooming axe very complicated by more than one fact: 
the index of the refraction gradient can act as a lens, so that the focus diameter would become larger 
and thus the spatial resolution become lower; the focus length would also change and become shorter, 
and thus result in a low signal (For the detailed influence of refraction gradient due to temperature 
difference on focus length the reader is referred to the work [53]); the high temperature could result 
in stronger excited molecular collision without light emission and thus also lead to signal reduction. 
The fluorescence intensity decrease with temperature is given for example in [46] and [109]. With 
increasing I\ and C, the thermal blooming effect also increases. If the fluid is in motion with high 
enough velocity, the heat can be advected from the measuring volume and thus the thermal blooming 
may become negligible. If, however, the velocity is not high enough, the thermal blooming could 
contaminate the measuring results. 

4.2 Photobleaching 

The term photobleaching is used to describe the phenomenon that the emission light intensity of a 
molecule decays with time, due to photodecomposition or collisional quenching etc. If the exciting 
laser intensity is high enough for LIF, photobleaching occurs. 

4.2.1 A model of the photobleaching effect 

Although according to [93] photobleaching can contaminate experimental results, no description is 
given about how photobleaching influences the measurement. (Usually the concern, especially in 
optics research, is that the emitted light intensity becomes smaller). 

The lifetime of fluorescence is very short, about 10~ 8 ~ 10" 9 s. This indicates that fluorescence 
rise time is fast enough for fluid mechanical application. Since here the dye is continuously pumped, 
the photobleaching decay time constant r is larger than the lifetime. However the decay time constant 
decreases with exciting laser intensity 7/ and dye concentration C in water solution. For a given r, 
the fluorescence intensity decays with time. 

A simple model to describe the influence of photobleaching on measurement results is proposed as 
follows. First, let us consider the relation between If and fluid velocity u. As we know, the decay of 
fluorescence can be approximately described by an exponential decay law [62] 



Here r is the decay time constant and t is the decay time. The decay time can be replaced by the dye 
residence time in the measuring volume, i.e. 



I f = I f0 * e 



(4.1) 



t = df/u 

where u is the fluid velocity and df is the laser focus diameter. Then 



(4.2) 



(4.3) 
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I/O is the fluorescence intensity approximately at its lifetime. Eqn (4.3) means that, if df/u < r, 
photobleaching can be negligible. The smaller r is, the stronger photobleaching becomes, and the 
smaller u is, the larger t is and thus the smaller //. If photobleaching is strong, If would not only 
depend on concentration but also on velocity although the laser power keeps constant. 

Second let us consider the effect of photobleaching on // through the deviation of velocity. Suppose 
there is a velocity deviation Su and its corresponding St, Prom eqn (4.2), we have 

\St/(Su/u)\ = d f /u (44) 

The term 6t/(Su/u) represents the resulting time deviation due to a given relative velocity devia- 
tion. We define it as the time to relative velocity deviation ratio. Eqn (4.4) indicates that the time to 
relative velocity deviation ratio decreases with velocity for a given d } . If St < r, the deviation of If 
(indicated here as SI f ), resulting from relative velocity deviation due to photobleaching is negligible. 
However, if St ~ r, SIf would become large enough to contaminate the measurement results because 
of the deviation of u, which is what often happens in turbulent flows and what emerges when velocity 
effect is investigated. For a given r, the smaller St, the less the influence of photobleaching through 
the deviation of velocity is. Prom eqn (4.4), it is obvious that for a given Su/u, higher u results in 
smaller St Therefore, three conclusions can be obtained: 

1. Photobleaching influences If through the deviation of velocity. 

2. For a given St, i.e. a given flow situation, the lower r, the stronger the influence of photobleaching 
on If through the deviation of velocity will be. 

3. The influence of photobleaching on decreases with increasing u. 

In fluid mechanics photobleaching for LIF was cited by [62], but the bleaching decay time constant 
was 20 s in the experimental condition reported there. This time scale is much larger than the 
residual time of fluid in the measuring volume for fluid mechanics research, so that photobleaching 
influence can be negligible. However for high spatial resolution measurement, the situation can be 
quite different. Since the laser intensity I x increases very rapidly with the reduction of laser beam 
diameter, i.e. I x ~ l/d? f , and if the beam is focused to a very small diameter, the I t will be very high. 
-W-hen-J r is-very-high^ 

time constant could be of the same order of fluid residence time in the measuring volume as in the 
situation here. 

Shortly after it was found that photobleaching was very important in the measurement [117], we 
found that Saylor [93] warned that, when the laser was very fine focused (33 /xm) in his experiment) 
with 1 Watt or greater laser power level, one should take measures to prevent contamination of the 
data due to photobleaching. 

4.2.2 The principle for measuring bleaching constant r 

The time constant r for photobleaching depends on experimental conditions, physical and chemical 
dye properties, dye concentration, laser intensity and so on. 

In [93] the measurement of photobleaching is undertaken with motionless fluid. Actually this is not 
a correct method. As we know, the thermal blooming could also have influence on the measured // if 
the fluid velocity is sufficient slow. When fluid is at rest, the measured I f would be smaller because of 
both thermal blooming and photobleaching. It is difficult to separate them when the fluid is motionless. 
Therefore the measurement of photobleaching should be undertaken under the prerequisite that the 
fluid velocity is high enough. If u is not zero but very small so that the thermal blooming has 
influence on //, the measured // would be smaller than in the case with only photobleaching effect. 
If we know laser focus diameter and fluid velocity, we can calculate the residence time of the fluid in 
the measuring volume (for very small focus, i.e. near the diffraction limit, d f should be determined 
through measurement). With many measured // for different u, the averaged r can be estimated 
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from equation (4.3) through least-square method. If the velocity is higher, the residence time will be 
shorter and therefore the signal is higher. . 

This method of measuring photobleaching introduced here is not only useful for fluid mechanics, 
but also for other cases where the thermal effect has an influence and cooling is not easy to achieve. 

4.3 Analysis of signal to noise ratio (SNR) 

For the PMT there are three major noise sources in the photocathode. These are dark noise, Johnson 
noise and shot noise in the signal. Their root mean square values are [18] for 
dark noise 

I Arms = (2ei d Af) l '\ < 4 - 5 ) 
Johnson noise 

I jrms = (4/cTA//7?) 1/2 , ( 4 - 6 ) 
shot noise in the signal 

I srms = {leijM) 112 - (47) 

Here e is the charge of the electron and A/ is the frequency bandwidth, I d and I f denote dark 
and fluorescence signal cur ren t, k is the Boltzmann constant and T the temperature. Jn jgactice,_the 
experimental result depends on the SNR. The SNR corresponding to the shot noise in the signal is 

SNR=(i f /(2Af))V 2 . (4-8) 

At sufficiently low 7, and C, it is known that fluorescence intensity is linearly proportional to laser 
intensity and dye concentration as 

// = k c Q f IiCV, ( 49 > 

and 

v ~ 4 < 4 - 10 ) 

Here V is the measuring volume, i.e. the spatial resolution. Q f represents the fluorescence quantum 
yield and k c is a coefficient related with optics for the collection of emitted light to the PMT and dye 
species. C and 7/ represent concentration and laser intensity at the measuring point respectively. 7, 
decreases very fast with d f by a 3rd power. The finer the focused diameter is, the smaller the light 
signal 7/ becomes. Miller [73] focused the laser beam to around 40 ~ 60 pm (this is one of the best 
measured focused diameter for temporal measurement at present to our knowledge). This means that 
here the signal is approximately three orders smaller than in [73], keeping other parameters to be the 
same and only changing the measuring volume. Even though 7, is increased, i.e. I t ~ l/dj when the 
beam is fine-focused, 7/ will not increase linearly with 7,, because Eq. (4.9) is only valid when it is far 
from saturation of absorption, i.e. when the laser intensity is low enough for fixed concentration. If 7, 
is high, the saturation will emerge and 7/ will not increase with ij. In this experiment, 7, is already 
in the near saturation region (see later). 

From eqn (4.8), it is known that the SNR decreases with the reduction of the signal level and 
the increase of frequency band. When 7/ is small, the SNR will also be small, especially for the high 
frequency signal corresponding to fine scale structures of scalar in turbulent mixing. 
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4A Results 



4.4.1 Thermal blooming 

Whether blooming has influence on // or not can be tested experimentally, and it is not necessary to 
do the time-consuming estimation through calculation according to energy conservation principle. The 
following experiment was done. First let the fluid be still, adjust the PMT with the pinhole and seek 
for the maximal output from the PMT. When the focus point is best imaged into the pinhole, there 
will be a maximal output. Then adjust it again to search for the maximal output when fluid is moving 
at a given velocity, say, 10 cm/s. It is found that the focus length increases. If we arrest the fluid 
and measure the maximal output again, it is observed that the focus length is again reduced. This is 
qualitatively identical to the analysis above, because if the fluid is at rest, the refraction gradient is 
negative and the focus length is short. Higher // and C would cause increased heat absorption and so 
the thermal blooming would become worse. It was tested with above method that in the experimental 
condition where C is 0.5 * 10" 6 M and P t is 0.5 W, the thermal blooming can be negligible when 
u > 6 cm/5. 

Another possibility of estimating the influence of the thermal blooming is to measure first the decay 
curve with relatively high velocity, then extrapolate the result to low velocity using an exponential 
decay curve and compare it with the measured result. If the measured value of If is smaller than the 
estimated one, the thermal blooming has an influence. 

4.4.2 Photobleaching 

There are only few data published on photobleaching in fluid mechanics in just one situation. It seems 
that Saylor [93] is the only one, who measured photobleaching in just one situation. Nevertheless, his 
result is suspect, since it is done with the fluid at rest neglecting the influence of the thermal blooming, 
which must be assumed to be of strong effect and cannot be neglected for u = 0. Here the results 
of the influence of laser intensity and concentration on photobleaching are measured with the fluid in 
motion, and the influence of thermal blooming is therefore excluded. 

4.4.2.1 Influence of laser intensity 



4.4.2.1.1 Relation between // and u Fig. 4.1 shows the influence of// on the measure- 
ment of If with the change of fluid velocity at constant C = 0.67 * 10" 6 M. Normally if // and C 
are constant, I f should also be constant, yet we find that // increases with the fluid velocity in some 
range of fluid velocity, i.e. for a fixed C and I h there is a region of velocity, within which // increases 
with fluid velocity. This confirms our conclusion 1 of the model given above. When the velocity is 
above this range, If changes little with velocity, i.e. If saturates with velocity. This is identical to the 
conclusion 3 of the model given above. The larger I x is, the wider the range becomes. The velocity 
influence is not small at all. Therefore J; should not be too high. According to the above-mentioned 
analysis and the experimental result of the thermal blooming, we can propose that photobleaching is 
the main reason for the relation between // and u (when u is very low, the thermal blooming would 
also have influence). If u is high, the residence time is short, and the decay time is shorter than for 
low velocity, The // signal is therefore for high velocity u larger than for low velocities. It is a serious 
problem for scalar measurement in fluid mechanics, especially for turbulence where the velocity fluc- 
tuates, because the measurement results If depends not only on C, but also u, and our measurement 
is based on the assumption that // depends only on C. 

It must be clear that the photobleaching at low u is also related with thermal blooming, but it is 
difficult to separate these effects. At low u the decrease of I f is even stronger. 

4.4.2.1.2 Decay of // with time The photobleaching curve is measured with the method 
described above and is shown in Fig. 4.2. This is at constant C = 1.0 * 10 _6 M but different I h and it 
is clear that the higher the laser power is, the faster the decay. With C = 1.0 * 10~ 6 M, the decay is 
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Figure 4.1: Relation between fluorescence intensity and fluid velocity with different values of 
Pt at C = 0.67 * 10" 6 M. 



relatively slow when P t is 0.04 W in the measured time range and fluorescence intensity decays from 
0.014 to 0.1 ms by about 4.5%. When P { is 1.0 W, however, the decay is fast and from 0.01 to 0.1 
ms I f has already decayed by 31 %. For too small u (here laxge t), the decay would not only occur 
because of photobleaching, but also thermal blooming, i.e. it would be faster than in the case with 
only the influence of photobleaching. 
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Figure 4.2: Fluorescence intensity decay with residence time for different laser power P t and 
C = 10" 6 M. 
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4.4*2.1.3 Half-life time constant Ti/ 2 To describe photobleaching decay, it is better to 
use the half-life decay time constant [93], which can be obtained from the measured results. Fig. 4.3 
shows that r 1/2 decreases with the increment of P t under constant C = 1.0 * 10" 6 M. This is identical 
to the conclusion 2 above. The decay behavior is not linear. At lower Pi it decreases faster than at 
higher P h The result indicates that the half-life time constant is much smaller than [62] by almost 
five orders of magnitude. Even for the smallest P t of 0.04 W at C = 1.0 * 10~ 6 M, r 1/2 was found to 
be only about 0.43 ms. 




0.2 0.4 0.6 0.8 

Incident laser power P t (W) 
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Figure 4.3: Relationship between photobleaching half-life constant r 1/2 and laser power P t at 
constant C = 1.0 * 10" 6 M. 



4.4.2.2 Influence of concentration 

4.4.2.2.1 Relation between // and u The influence of concentration on photobleaching 
decay is qualitatively similar to that of P t . Fig. 4.4 indicates the influence of concentration on the 
measurement. Here the laser power is about 0.5 W. Similarly as for the influence of I h there is also a 
velocity region, within which the // increases with velocity. For higher C the stronger photobleaching 
effect increases. For example, when C = 1.0 * 10~ 6 M, for u = 4 cm/s and u = 32 cm/s, I f is 1.36 
and 1.77 respectively. The relative deviation is 23 %. At C = 0.17 * 10" 6 M, for u = 4 cm/s and 
u = 32 cm/s, If is instead, 0.25 and 0.28 respectively, and the relative deviation is about 11%. At low 
u and high C, photobleaching has strong influence, for instance of u = 4 cm/s and C = 1.0*10" 6 M the 
relative deviation is approximately 2.8%/u(cm/s). When the velocity is beyond this range, // changes 
little with velocity, getting into saturation. For larger C, the range is increased. For C = 0.17*10~ 6 M, 
the upper limit of the range is a velocity of 12 cm/s and for C = 1.0 * 10~ 6 M, it goes up to 32 cm/s 
approximately. The higher C is, the worse the dependence of // on u. Therefore C must not be too 
high and u must be sufficiently high. 



4.4.2.2.2 Decay of // with time The influence of C on photobleaching decay is shown in 
Fig. 4.5. This was at a constant laser power of 0.5 W, but with different concentrations. It shows 
that for higher concentration, the photobleaching becomes stronger. At C = 0.17 * 10" 6 M the decay 
is relatively weak, but becomes stronger at C = 1.0 * 10" 6 M. 
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Figure 4.4: Relationship between fluorescence intensity and fluid velocity u for different con- 
centrations but constant Pi = 0.5 W. 
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Figure 4.5: Fluorescence intensity decay with residence time for different C and constant laser 
power Pi = 0.5 W. 



4.4.2.2.3 Half-life time constant Fig. 4.6 shows the change of r 1/2 with concentration at 
constant Pi = 0.5 W. It is found that t 1/2 decreases with C almost linearly in the measured range of 
C. 
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Figure 4.6: Relationship between photobleaching half-life r 1/2 and C with constant laser power 
Pi = 0.5 W. 



4.4.3 Calibration between fluorescence intensity // and concentration C 

For LIF measurement of concentration, it is necessary to calibrate the relation between C and //. It 
is expected that this relation is linear and that the proportionality coefficient is constant when P t and 
the measurement volume are fixed and i/ depends only on C. If this were so, the concentration C 
could be calculated through the measured //. However Fig. 4.7 shows the calibration results between 
C and // at different velocities, which shows that even if If is linear proportional to C, the coefficient 
depends on velocity u. This is again due to the thermal blooming and photobleaching. 

On-t"h^tKerhand7if w"is"ffigh enougfiTthe coefficient will asymptotically reach a constant value 
almost independent of u as shown in Fig. 4.8 with constant P t = 0.5 W and Pi = 1.0 W. To 
reduce the influence from photobleaching, the measurement should be carried out beyond the range 
of velocity over which the asymptotical value of the coefficient reaches a constant. At the situation 
of Pi = 0.5 W, the asymptotical coefficient value is reached at about U = 12 cm/s. Therefore the 
measurement should be done with an average velocity higher than 12 cm/s. However for P t = 1.0 W, 
the asymptotical value is reached at about U = 25 cm/s. This means that, if P t = 1.0 W, and the 
experiment is undertaken at velocity smaller than 25 cm/s, the result would be contaminated. 

Fig. 4.7 and Fig. 4.8 tell us that, when I t or C is large enough, photobleaching and thermal 
blooming will contaminate the measurement results. The calibration should only be carried out when 
the fluid is in motion and the fluid velocity beyond a certain threshold to keep the residence time small 
enough compared with half-life time constant and move the heat away from the measurement volume 
to omit the influence of photobleaching and thermal blooming. If the calibration is undertaken with 
fluid at rest, no steady If can be obtained until the photobleaching effect becomes negligible and the 
thermal blooming gets in equilibrium for a long time, under which the result is quite different from the 
real flowing situation. If the fluid flow velocity is too low, the dye residence time cannot be negligible 
compared with the decay half-life time constant. 

4.4.4 Noise characteristic 

The following results indicate that the dominating noise in this experiment is the shot noise in signal. 
With Fig. 4.9 the noise can be demonstrated directly. This is a time trace for the period of signal 
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Figure 4.7: Calibration between // and C with different velocities. 
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Figure 4.8: Coefficient k between // and C changes with different velocities. 



from lowest to highest level, i.e. from water to unmixed dye when the dye lump is moving into the 
measurement volume and replacing the clean water at very low velocity. It can be seen that there is 
superimposed noise fluctuation on the signal, and the higher the signal level is, the larger the noise 
becomes. Here it must be emphasized that the fluctuation is noise, because the flow is actually laminar 
in this measurement. An influence from dye solution inhomogeneity can also be excluded, because the 
dye solution used is already molecularly mixed. 

Prom Fig. 4.9, it is also obvious that, at the lowest level, there is only water and the fluctuation 
is very small compared with the one at high signal level. This indicates that the dark noise is very 
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Figure 4.9: Timetrace of signal. 



small and can be negligible. It was also tested that there is almost no difference between the SNR 
with and without cooling. The temperature difference between the cases with and without cooling is 
15 C°. This implies that the Johnson noise is also negligible. The current amplifier has a very low 
noise with a noise current of only about 1.2 * 1(T 13 A/ Hz 1 / 2 . This causes less than 0.1% of the noise 
and can therefore be neglected. It was also measured that the maximum laser power fluctuation is 
below 2%. When the measurement is done near saturation, such a fluctuation effect can be negligible. 
All this indicates that the noise is primarily from shot noise in the signal. 

The following noise characteristics further imply that the dominant noise is from the shot noise 
in signal from the PMT. Fi g . 4.10 shows the relation of the root mean square of the tioisp (RMS) to 
the square root of the signal level. It is obtained by measuring the signal fluctuation at different dye 
concentration levels (molecularly mixed solution) within the linear region. It is found that the root 
mean square noise is linearly proportional to the square root of signal amplitude. Fig. 4.11 shows 
that the noise is also proportional to the square root of frequency bandwidth. This was measured at 
constant concentration level by changing the low pass cut-off frequency of the filter. This corresponds 
to eqn (4.7). It can be concluded from the experimental results that the shot noise in signal is the 
main source of noise, that limits the resolution of the measurement. This is due to the lower quantum 
efficiency of the PMT. 

4.4.5 Noise influence on scalar measurement 

When the SNR is too low, some physical details will be lost. The details of influence of the noise 
on the measurement result is referred to next section. The influences, for instance, on probability 
density function and power spectrum density of concentration are shown in Fig. 5.9 and Fig. 5.25 
respectively. 

4.4.6 Methods to increase si g nal level 

Only the shot noise in the signal needs to be reduced since the dark and Johnson noise are negligible. 
Unfortunately it is very difficult to reduce the shot noise in the signal due to the fact that it originates 
from the signal itself, i.e. it is the characteristic of the PMT. Although the noise increases with signal 
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Figure 4.10: Relationship between noise RMS of fluorescence intensity and square root of signal 
level. 
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Figure 4.11: Relationship between noise RMS of fluorescence intensity and square root of 
frequency bandwidth. 

level as indicated in eqn (4.7), eqn (4.8) shows that the SNR increases with signal level. Therefore, in 
order to improve the SNR the only thing which can be done is to increase the source signal level. From 
eqn (4.9) it can be seen that the signal can be increased with increasing Q/, /«, C and V respectively. 
However, V can not be increased when high spatial resolution is asked for. Q f depends on the physical 
and chemical properties of the specific dye and is not considered here. The following shows that neither 
It nor C can be increased without limitation. The most important limitation, due to bleaching, is 
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shown in [115]. 



4.4.6.1 Increasing concentration C Increasing C would result in some problems, e.g. laser 
intensity attenuation, nonlinear response, photobleaching and thermal blooming. 

4.4.6.1.1 Nonlinear Response As described by Guilbault [46], // and C have a linear 
relation at small concentration, but for higher C a nonlinear relationship emerges until fluorescence 
saturates against concentration, i.e. // increases little with the increment of C. Further increase of C 
will even result in a reduction of //, which is mainly due to the absorption of the laser light according 
to Beer's law [98], v.z. 

I f = I fo e-™<. (4J1) 

Here I f0 is the incident laser intensity; a represents the dye absorption cross section and l { is the 
length of light path. It is usually expected, that the measuring range lays in the linear range. If the 
linear range is large, it is possible to get high signal using high C. Guilbault [46] commented that in 
order to keep linear relationship between // and C, the decay of // in the liquid up to the point of 
measurement should be less than 5%. 

The linear range depends on the specific dye used, i.e. its molecular absorption cross section, the 
path length of laser and laser intensity distribution in the fluorescence solution. It can be expected 
that the larger a and //, the smaller the linear range is. 

To increase the linear range when the path length of laser is very long for large flow field, the 
distribution of laser intensity in the medium can be designed according to the Q-switch theory used in 
solid-state laser for tuning laser power [57]. The Q-switch theory tells us that when the pumping light 
intensity is high enough, the dye will be saturated and the attenuation of the pumping light becomes 
small. If the laser beam has a small cross section propagating in the medium with a high intensity at 
the near saturation condition, the decay of the laser will be smaller and thus result in a larger linear 
range. 

The linear range of// and C increases with laser intensity 7/ as shown in Fig. 4.12. At P { — 0.075 W 
the linear range is about 1 * 10" 6 M. By increasing P, to 0.25 W and 0.875 W, the linear range 
is increased to about 2 * HT 6 M and 3 * 10" 6 M respectively. Unfortunately, the restriction of 
-concentration-due-to-the-nondm^ 

measurement, since the photobleaching restricts the maximum of C to much smaller value than, for 
instance, 3 * 10~ 6 M when P t is 0.875 W. 

4.4.6.1.2 Attenuation of laser beam power The absorption effect would become too 
strong for high C. In such a case at the measurement point the fluctuation of I x is large corresponding 
to the integral change of C along the incident path of laser light in a turbulent mixing flow, due 
to the high absorption. The color moves randomly, and so does //. This can result in noise in the 
measurement, especially in turbulent flows. This effect can be decreased if // is high and reaches 
saturation and C is small. The attenuation found in this experiment is shown in Fig. 4.13, where 
the decay distance of the laser beam is approximately 40 mm. This is measured at fluid velocity of 8 
cm/s. It is clear that the higher P u the smaller the relative attenuation will be. The consideration of 
attenuation of laser beam power requires small C. 

4.4.6.2 Increasing laser power P t As stated earlier, when 7/ is not high 7/ increases linearly 
with P h but for I t very high the emitted light intensity of the dye does not increases linearly with 
ingcgasmgjaser intensit y, because of fluorescence absorption saturation. If it is not at saturation 
condition, increasing Pi can enlarge source signal level. 

The experimental results demonstrate that the linear range is increased with increase of concen- 
tration C. The influence of C on the relationship between 7/ and P t is shown in Fig. 4.14, where the 
saturation for C = 1.7 * 10" 7 M appears at about P { = 0.5 W, but for C = 1 * 10" 6 M at about 1 W 
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Figure 4.12: Relationship between fluorescence intensity and concentration with different Pi. 
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Figure 4.13: Relationship between laser power attenuation and concentration with different P t . 



saturation is still not reached. The fluid velocity is 32 cm/s. In the investigated power range of the 
laser, there is almost no linear relationship between If and Pi and the saturation is only asymptotically 
achieved with increasing P t . However, as stated eaxlier, C can not be very high. For this reason the 
possibilit y of increasin g the si g nal throu g h an increase of P i at constant ^sjmaitgd. 

It is also observed that the linear range increases with fluid velocity and the result is shown in 
Fig. 4.15. Here the concentration is constant, C = 6.7 * 1(T 7 M. At U = 4 cm/s, the saturation is 
around P t = 0.7 W, but at U = 32 cm/s, the saturation point is about P t = 1.0 W. Fig. 4.15 also 
implies that when the velocity is high enough, the linear range will increase little with velocity. For 
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Figure 4.14: Influence of concentration on fluorescence intensity saturation to Pi at U = 32cm/ s. 



example, the linear range is almost the same for U = 20 cm/s and U = 32 cm/s. It is also needed 
to note that the signal difference for low laser power is smaller than that for higher laser power. All 
these phenomena are caused by photobleaching and thermal blooming. The higher //, the stronger the 
influence from photobleaching and thermal blooming. The influence of photobleaching and thermal 
blooming is as if fluorescence were approaching saturation. 

2.0 i ■ ■ . ■ 1 




0.0 1 ■ 1 1 1 1 1 
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Laser power (W) 

Figure 4.15: Fluid velocity influence on fluorescence intensity saturation to Pi at constant 
C = 6.7*10- 7 M. 

There are two causes which can result in the laser intensity fluctuation at the measurement point. 
One is that laser power itself fluctuates and the other one is due to the fact that the integral con- 
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centration fluctuates along the laser path as mentioned above which, in turn, results in the change 
of laser attenuation. It is tested that the ratio of laser intensity fluctuation to average laser intensity 
level decreases with increasing laser power. Its maximum is less than 2% and can be negligible. As 
shown in Fig. 4.13, the above mentioned attenuation effect would also become smaller if P/ is high and 
reaches attenuation, because the limited change of 7; has little influence on the fluorescence intensity 
when it is near the saturation state and in the saturation region If does not change with P^ 

All these arguments suggest that the larger Pi is, the higher SNR becomes due to the increase of 
// . However the following reasons restrict Pi from being too high. First, at high laser power the laser 
beam has bad mode for fine focusing, i.e. if the power is too high it is difficult to get TEMqo mode of 
laser beam which is the best mode for fine focusing. Second, and most important, when // is too high, 
the thermal blooming and photobleaching will become serious. Combined with the bleaching result, 
it is found that photobleaching limits the laser power P\. 

4.5 Discussion 

According to the above-mentioned analysis and experimental results, the following should be consid- 
ered in practice for fluid mechanics. 

4.5.1 A new anemometer of photobleaching with LIF 

The photobleaching model and measured results here can be used as a new kind anemometer: pho- 
tobleaching anemometer with LIF [41]. Some simple description is referred in the appendix of this 
work. 

4.5.2 Some considerations about photobleaching influence 

1. To our knowledge, only in the work of Prasad and Sreenivasan [86] the focused laser beam is as 
low as 5.5 /im, but no details are given about that how this value is obtained. The dye used is 
the same one as in the present investigation. The laser power used is 7 W and the concentration 
is of the order of a few parts per million (as described), which should be higher than 1 * 10~ 6 , 
and fluid velocity could be about 15 cm/s. However, unfortunately, no comparison could be 
made because in [86] nothing is said about the possible photobleaching and thermal blooming 
influences. 

2. The fact that photobleaching reduces signal alone has already had negative effects on LIF ex- 
periments. What is even worse is that in fluid mechanics the fluid velocity is not constant, and 
especially in turbulent flows, it is an unknown parameter for scalar (concentration or tempera- 
ture) measurement. This is a different influence of photobleaching on fluid mechanics compared 
with laser research. 

3. The fluid residence time t also depends on df. If C and i* are high enough and df is not small, 
photobleaching can also have an influence. 

4. If LIF is used for temperature measurements, photobleaching and thermal blooming could even 
have stronger effects, because they can also cause a change of temperature at the measuring 
point. 

5. Pulse recovery against photobleaching is proposed by [93], but it is difficult to be used for high 
resolution measurement of turbulent mixing due to the high frequency signal there. 

6. Arcoumanis et al [3] have investigated the stability of different dyes which is actually related 
with the photobleaching discussed here. Their result is that no satisfactory stability of solutions 
of fluorescein could be found and its use should be abandoned in favor of Rhodamine B. Some 
work is needed to find a more suitable new dye. 
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7. Based on this work, it is recommended to use Pi and C as small as possible to prevent from 
thermal blooming and photobleaching. However if Pi and C are too low, the signal // will be 
too weak and this will result in low signal to noise ratio. 

4.5.3 Measurement of focused beam diameter df 

In [86] it was reported that the laser beam was focused to 5.5 //m, but no description was given 
about how this value of the diameter was obtained. To our experience, it is needed to measure the 
focused diameter in order to determine such a fine focused beam diameter because the theoretical 
formula describes only an ideal situation and in practice, due to the imperfection of optical parts and 
assembly, the actual focused diameter is larger than the theoretically calculated one, especially near 
the diffraction limit. Miller [73] used a knife to measure the focused diameter, but that could be 
difficult to use for very fine focusing. Komori et al [60] used power spectrum to estimate df. They 
found a broadening in their power spectrum and assumed its frequency to correspond to the spatial 
resolution. This is not accurate, because one can also get a high frequency spectrum even if there is no 
such a corresponding structure in the real physical space. This is the statistical feature of a random 
signal in a stochastical process. This could be shown in our experiment, where the power spectrum is 
visible at high frequency, but no corresponding time trace could be distinguished. 

4.5.4 Detector and SNR 

Althou gh it was reported in [62] (where a photodiode is used as light detector) that the shot noise 
in signal was negligible, it dominates in our experiment. In the paper of Dowling et al [31], it 
is concluded that a photodiode should be used instead of PMT in order to reach high SNR. The 
criterion for choosing a photodiode is that the input signal is higher than 50 pA. Dowling et al [31] 
also mentioned that in their experiment, where Rayleigh scattering was used, the focused diameter 
was about 0.2 mm and the frequency bandwidth was 100 kHz, the signal was so high that photodiode 
could be sufficient. Supposing the photodiode responsivity is 0.2 A/W (this is the normal order of 
magnitude in the spectrum range of interest for a photodiode), the input light power for 50 pA is 
in the order of 2.5 * 10" 10 W. However, in the work of Durst and Sender [32], for input power less 
than 10" 9 W and a frequency bandwidth of 10 5 Hz, the SNR of PMT is clearly better than that of 
-photodiode-and-avalan 

and the frequency bandwidth is 100 kHz. The results indicate that SNR of PMT is higher than that 
from a photodiode even in the frequency bandwidth of 1CT 4 kHz. With the up-to-date commercial 
silicon photodiode, the signal must be amplified by about 10 l0 V/A, or more than 10 S V/A with an 
avalanche photodiode. It is difficult to get such a high transimpedance low noise current amplifier 
with a frequency bandwidth of about 300 kHz and is limited by bandwidth and noise. The reason is 
that the signal is simply too small for high resolution measurement. 

In [18], it is shown that if the photocathode current is higher than 10" 15 A and the signal frequency 
bandwidth is higher than 1 kHz, the SNR is limited by shot noise in signal, and therefore cooling has 
no influence to improve SNR. This is identical with the present results. The signal level is relatively 
too weak for photodiode. If the frequency bandwidth is small (less than 1 kHz), the SNR of PMT 
can be much improved, and photodiode may also be used. However in turbulent flow the frequency 
bandwidth is higher. Therefore it is expected to improve the method of LIF to get high signal level 
so that photodiode can be used to improve SNR, because the quantum yield of photodiode is about 
five times higher than that of a PMT. For example, in [3] it is recommended to use Rhodamine B as 
a fluorescent dye. 

4.5.5 Amplifying signal 

The signal from the PMT is a current signal, which needs to be converted to voltage to match the 
ADC. The signal is also too weak and has to be amplified to the ADC input range to get maximum 
resolution. There are two possibilities to amplify the signal: increasing supply voltage for the PMT 
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and increasing amplification of the amplifier. In this experimental conditions the result shows that 
it is better to use relative small amplification from the PMT and as much as possible amplification 
(transimpedance) from current amplifier (until the limitation of frequency band) to improve SNR. 

Another experiment is also conducted, using high amplification of PMT with a load resistance (its 
magnitude is limited by rise time) and a low noise voltage amplifier (also constructed by the author). 
It is found that, to reach a 100 kHz frequency bandwidth, the SNR result of this method is not so 
good as the one used above, i.e. transimpedance amplifier. 

4.5.6 Fluorescence saturation 

In [73] the fluorescence is already near saturation, where the focused beam diameter is about 40 ~ 
60 \im with 1 W laser power and the concentration C is 1 * 10" 6 M with the same dye as here. Here 
in the range of Pi - 0 ~ 0.2 W, however, the fluorescence is still not in saturation as indicated in Fig. 
4.14. The laser intensity at the measuring point // here is much higher than that of Miller (about ten 
times if Pi is 0.1 W here). The reason could be that in [73] the measurement was undertaken when 
the fluid was in rest. As shown in Fig. 4.15, the saturation point of laser power decreases with the 
reduction of velocity. So even the calibration between // and P t should also be undergone when the 
fluid is in motion and beyond a threshold. 

4.5.7 Attenuation 

The attenuation of laser power shown in Fi g . 4.13 is stron g compared with others. For in stance, in 
Miller's experiment, the attenuation across the entire jet width was determined from the measurement 
to be about 1%. In the present experiment, instead, at concentration of 0.5* 10" 6 and Pi = 0.5 W the 
attenuation across the pipe is about 12%. It can be expected that this is also related to photobleaching 
and thermal blooming and fluorescence saturation. If the fluid is at rest, it is easier for the dye to 
be bleached and it is closer to the saturation range and so the attenuation is small. However, if the 
dye is in motion, the fluorescence intensity is higher and more laser power is absorbed and thus the 
attenuation is stronger. Therefore it is expected that the attenuation increases with velocity until a 
threshold similarly to the phenomenon in Fig. 4.15 and the attenuation measurement should also be 
undertaken when the fluid is in motion and beyond a threshold velocity. 
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5 Experimental results of turbulent mixing 



The concept of the ideal relative turbulent mixing process and state is very harsh. The following 
experimental results are introduced to prove them. The mixing under special forcing is extraordinarily 
fast [118]. 



5.1 Wake 

We will study a wake of U = 40 cm/s, where the forcing frequency is around 6 Hz and amplitude 
Vifi/U is about 45%. 



5.1.1 Visualization 

The details on visualization is covered in Part 2 of this work. Under strong forcing of maximum 
receptivity, the visualized pictures of the mixing results are almost similar (i.e. no visible large 
structures). Fig. 5.1 shows two situations of with and without forcing of a wake with U = 40 cm/s. 
Without forcing, there are only large structures in the wake and the fluids are almost unmixed within 
the view of the picture. However, there is almost no visible large structure right after the splitter plate 
in the whole cross section and the fluids are mixed at least on the resolution of eyes. The mixing is 
on the large scale (even on microscale) dramatically enhanced. 



Figure 5.1: Visualization for turbulent mixing with and without forcing in a wake of U = 40 
cm/s. 



5.1.2 Concentration distribution at near field 

5.1.2.1 Timetrace In Fig. 5.2 the timetrace for U = 40 cm/s is shown at different y-positions 
of x/D = 0.25 with and without forcing. Fig. 5.2a is measured at around y = -0.5 mm from the 
axis of the pipe. It is very difficult to measure the plane wake exactly in the middle of y = 0 at such 
a short downstream distance, because the middle of the wake can change its position within 4 \xm 
easily with some change of initial conditions, which are impossible to be excluded. Here the flow is 
still laminar and the fluids do not mix at all even on large scales. However with forcing, the timetrace 
is dramatically changed. Even at 2y/D = 0.75 and -0.75, the fluids have already partially mixed, at 
least on the large scale, i.e. the above mentioned relative turbulent mixing. The timetraces show that 
the fluid is more homogeneous under forcing not only in the middle region of the wake, but also in the 
whole cross section, i.e. the spread of the wake is almost 180°. In the pure water side, it can be seen 
in Fig. 5.2b that the dye is entrained into the water side by large coherent structures, and mixed in 
it; but there are still water lumps which have not mixed. This occurs almost symmetrically in the dye 
side in Fig. 5.2d. In the middle of the wake, the mixing result is better and relatively symmetrical for 
water and dye fluids as indicated in Fig. 5.2c. 



41 




1.0 
time t(s) 



Figure 5.2: Time trace with and without forcing in a wake with U = 40 cra/s at x/D - 0.25. 
forcing at y = -0.5 mm; b, c and d: with forcing at 2y/D = 0.75, 0 and -0.75 respectively. 



a: no 



5.1.2.2 variance The variance of concentration fluctuation is shown in Fig. 5.3 for wake U = 
40 cm/s. It is found that in y-direction, the variance is almost the same. Without forcing the variance 
is actually zero for the whole cross section due to the fact that there is no mixing either for the relative 
turbulent mixing or for molecular mixing. This indicates that under forcing the fluids have, at least 
on the large scale, mixed in this local cross section. However, there is little molecular mixing here. 

5.1.2.3 probability density function (pdf) The pdf of concentration for wake of U = 
40 cm/s at x/D = 0.25 is shown in Fig. 5.4 and it is found that in y-direction the pdf is qualitatively 
the same and the pdf at the average concentration is already larger than zero. This means either some 
fluids are already molecularly mixed or the scalar scale is smaller than the spatial resolution. The 
molecular mixing at scale of 4 pm is relatively fast and the time needed is estimated to be less than 
0.1 s. Therefore in many cases, the fluids are approximately considered to be molecularly mixed when 
the measurement shows that they are mixed at the given resolution. Here the pdf for the unmixed 
high concentration side is wider than its corresponding water side. This is because the shot noise in 
the signal mentioned above. The high pdf value in the water and dye side implies that the molecular 
mixing is very poor here. 
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Figure 5.3: Concentration variance for different y-positions under forcing in a wake with U 
40 cm/s at x/D = 0.25. 
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Figure 5.4: pdf under forcing for different y-positions in a wake with U = 40 cm/s at x/D 
0.25. 



5.1.2*4 power spectrum density (psd) In Fig. 5.5 the power spectrum density is shown 
for wake of U = 40 cm/s at x/D = 0.25 and different y-positions. The power spectrum densities for 
different y-positions are almost the same qualitatively. The sampling frequency is 50 kHz. Fig. 5.5 
shows that after around 200 Hz, the psd decreases faster with / in an exponent of about -2.8. This 
indicates that physical space scale corresponding to 200 Hz dominates in the flow field. Around 3 ~ 
5 kHz, psd is almost constant showing that the noise begins dominating the signal. It is difficult to 
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compare with the unforced one due to the fact that, for the unforced wake, the psd is the same as 
that of noise. 
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Figure 5.5: Power spectrum density for different y-positions under forcing in a wake with 
U = 40 cm/s at x/D = 0.25. 



5.1.3 Evolution downstream 

Fig. 5.6 shows the evolution of timetrace with and without forcing at different x-positions. As in Fig. 
5.2 the unforced timetrace in Fig. 5.6a is at approximately y = -0.5 mm and x/D = 0.25. The forcing 
condition is the same as above mentioned. For the unforced one, the fluids are completely separated, 
but they have already partially mixed at least for the relative turbulent mixing in the forced case. In 
Fig. 5.6b where x/D = 1.6, the wake has already spread out for the unforced one and its measured 
result shows that the fluids are clearly unmixed, and the signal is quasi periodic and fluctuates from 
water to dye. However, the average concentration for the forced one is almost achieved. Fig. 5.6c 
shows that for the unforced one at x/D = 7.5, most of the fluids are still completely separated, but 
there are more small scales than that at x/D = 1.6. However, the fluids are almost mixed on the 
scale of measurement resolution for the forced one. The fluids are partially mixed in Fig. 5.6d for the 
unforced one where x/D = 25.4 and there are much more small scales than that at x/D = 7.5. For 
the excited one, the fluids seems already completely mixed. 

Fig. 5.7 displays the evolution of fluctuation intensity. It can be seen that the difference between 
forced and unforced is dramatic especially for small x-positions. At x/D = 7.5, for the forced one, the 
fluctuation intensity is almost zero, i.e. d 2 /<? max - 2.99 * 10" 3 , but for the unforced one, c^/c^ = 
1.46 * 10 _1 . At x/D = 25.4, <P-/^ max is 2.73 * 10~ 4 and 7.07 * 10 -2 respectively for the forced and 
unforced wakes. According to pdf (see later), the fluids can be considered mixed molecularly at x/D 
= 25.4. The time needed for molecular mixing in the forced wake x/U is smaller than 2.6 s. It is 
impossible to compare the mixing time, because for the unforced wake, the fluids are still not mixed 
at the last x-position. In a mixing process, the variance changes from zero at the beginning to a 
maximum value by large scale mixing without molecular mixing, and then decays to zero again by 
molecular mixing or dissipation. The decay time constant should be quite different between the 
forced and unforced wake. 
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Figure 5.6: Timetrace with and without forcing in a wake with £7-40 cm/s at different 
downstream positions, a: x/D = 0.25; b: x/D = 1.6; c: x/D = 7.5; d: x/D = 25.4. 



Fig. 5.8 shows the pdf of c under forcing. At x/D = 0.25, the pdf at its average c has already 
a maximum value. The pdf has its higher peaks at c corresponding to water and dye, indicating the 
fluids are not molecularly mixed. The c is not only condensed at the pure unmixed fluid, but also 
has widely non-zero contribution of concentration between the unmixed fluids. At x/D — 0.71, the 
distribution of pdf is similar to that of x/D = 0.25, but higher at the average point of c. The pdf 
distribution at x/D = 1.6 is concentrated at the average point of c and does not peak in the high c 
side and its distribution is nearly symmetric. From x/D = 4.4, no peak for the c corresponding to 
unmixed water can be distinguished. At x/D = 25.4, the pdf does not concentrates to the point of 
the average c, i.e. approximately a Delta function, but has a nearly Gaussian distribution around it. 
This is also due to the shot noise in the signal. 

The comparison of pdf for the forced and unforced wakes is shown in Fig. 5.9 at three x-positions. 
At x/D = 1.6 and 7.5, the pdf distributes only on the pure water and dye for without forcing, but for 
the forcing cases, the pdf already has a peak at the average c. At x/D = 25.4 for the unforced one, 
the peak of pure dye concentration disappears, but there still exists a peak for pure water c. This 
indicates the pure dye c is smoothed by shot noise. The concentration c is widely distributed and no 
peak at the avera g e c can be obtained. For the forced one , the mixin g is already finished accordin g to 
its pdf distribution. 

In Fig. 5.10 the evolution of psd E(f) with forcing is displayed. It can be seen that there is already 
-1 and -5/3 exponent at x/D = 1.6. There is no -1 exponent at x/D = 0.25 and 0.71. At x/D = 1.6, 
the -1 spectrum is obvious in the range of 10 ~ 500 Hz. At x/D = 3.0, 4.4 and 7.5, the -1 spectrum 
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Figure 5.7: Concentration variance evolution along x-positions with and without forcing in 
wakes. 
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Figure 5.8: pdf under forcing for different x-positions in a wake with U = 40 cm/s. 



ranges are 10 ~ 900 Hz, 10 ~ 1000 and 10 ~ 1000 respectively. At x/D = 15.6, the -1 exponent is 
between 1 ~ 6000 Hz. The -1 spectrum range increases downstream (from x/D = 1.6 ~ 15.6) until 
molecular mixing is finished according to pdf result (at x/D = 25.4). The spectrum decays along 
x-direction keeping the -1 exponent before molecular mixing ends. 

The -5/3 range increases at first until some point (at x/D = 7.5, where pdf result shows that, 
the molecular mixing is still not finished), then decreases with the x-position until it disappears (after 
x/D = 15.6). At x/D = 0.25, there is approximately a -5/3 exponent in the frequency range of 10 
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Figure 5.9: Comparison between the pdf results of with and without forcing in a wake with 
U = 40 cm/s. 
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Figure 5.10: Power spectrum density evolution for different x-positions under forcing in a wake 
with U = 40 cm/s. 



~ 100 Hz. After around 100 Hz, the spectrum decreases quickly through an exponent of about -2.8 
until about 3 kHz where noise begins to dominate. At x/D = 1.6, 3.0 and 4.4, the -5/3 is around the 
range of 300 ~ 2000 Hz, 500 - 3000 and 600 - 2000 Hz respectively followed by a -2.8 exponent. At 
x/D = 7.5, the -5/3 is in the range of 700 ~ 8000 Hz. After 8000 Hz, the noise dominates and no 
signal can be distinguished. If dissipation intermittency is not concerned for simplification, the -5/3 
exponent spectrum indicates that there are its corresponding eddies with space filling in the physical 
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space which originates from the larger scale instability. 

Fig. 5.11 gives the comparison of E(f) between with and without forcing. It is obvious that the 
spectrum with forcing at x/D = 1.6 is similar to that without forcing at x/D = 25.4, but the power 
of the former is smaller than that of the latter and identical to Fig. 5.7. Both spectrum has a similar 
large -1 exponent range. This indicates that the small structures, which are created once the scalar has 
traveled far enough downstream from the trailing edge, i.e. when Re is large enough, can be achieved 
much earlier with strong forcing. However, after the -1 exponent, the decay exponent for unforced is 
steeper (about -3.5) than for the forced one (-2.8). 




Frequency/^; 

Figure 5.11: Comparison for power spectrum density evolution for different x-positions with 
and without forcing in a wake with U = 40 cm/ s. 

At x/D = 4.4 there is a -5 /3 exponent in the range of around 80 ~ 400 Hz for the unforced situation, 
but this does not correspond to the Kolmogorov spectrum, since it is the exponent evolution from 
value smaller than -5/3 to -1 asymptotically along the x-position, compared with the spectrum of x/D 
= 1.6 and 15.6. 

It should also be noted, that some comparisons introduced above are conducted in the center of 
the wake, and that the difference at the near wall region for the forced and unforced wakes can be 
expected to be even more apparent than the center one according to the results of different y-positions 
at x/D = 0.25. 

5.2 Mixing layer 

The above mentioned rapid mixing process in a wake can also be obtained in a mixing layer. The 
results for a mixing layer of Ui = 48 cm/s and U 2 = 32 cm/s is shown as follows. 

5.2.1 Concentration distribution at near field 

The variance of concentration of the mixing layer at x/D = 0.25 for different y-positions is shown in 
Fig. 5.12. Unlike the wake result, the variance distribution is not homogeneous in the mixing layer 
cross section and the variance is higher in the low velocity side (2y/D = -0.75). This indicates that 
the flow characteristic in the high velocity side is different from that of the low one. The mixing 
in the high velocity side is stronger than that in the low velocity side. This result is related to a 
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new phenomenon called symmetric breaking hysteresis which will be discussed in Part 2 of this work. 
Although the variance is not homogeneous in the local y-positions at x/D = 0.25, the mixing is very 
much enhanced under strong forcing. 
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□ t/,= 32 cm/s, U 2 = 48 cm/s 
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Figure 5.12: Concentration variance for different y-positions under forcing in a wake and dif- 
ferent mixing layers at x/D = 0.25. 

Fig. 5.13 presents the pdf result. The pdf is qualitatively similar for the three different y-positions 
and there are three peaks for pdf._ Two of them are for pure dye and water respectively and one for 
the average concentration point C. However, in the high velocity side (water side), the pdf value 
of concentration corresponding to pure water is much higher than the other two peaks due to two 
reasonsrtfrel^ 

The psd E(f) of the mixing layer is given in Fig. 5.14. The spectrums are also qualitatively similar 
except that at 2y/D = 0.75, the spectrum is a little lower than the other two in the frequency range of 
20 ~ 200 Hz. All the spectrums have a -5/3 exponent in the frequency range of around 10 ~ 200 Hz 
followed by a -2.8 exponent until about 3000 Hz, indicating that there are small structures and their 
contribution to psd is not small in the whole local cross section even at the near field (x/D = 0.25). 

5.2.2 Evolution downstream 

The evolution of concentration variance is shown in Fig. 5.15. Like the case of wake, with forcing the 
variance decays very fast and is almost zero at x/D = 7.5. 

For the forced one, Fig. 5.16 shows its pdf evolution. At x/D = 0.25, there is already an apparent 
peak at the average C and at x/D = 25.4, pdf has a narrow Gaussian distribution around its average 
C. This indicates that the fluids have already mixed between x/D = 15.6 and 25.4. The comparison 
between forced and unforced pdf is shown in Fig. 5.17. For the unforced situation, even at x/D = 
15.6, emerges no apparent peak at the average c and a peak for pure water is still discernible. The 
huge difference of pdf between the forced and unforced flow is obvious. 

The psd of the unforced mixing layer can be seen in Fig. 5.18. The spectrum evolution is similar to 
that of the unforced wake in Fig. 5.11. No -5/3 exponent can be observed even at the last x-position 
of X/D = 25.4. There are mainly two exponents, i.e. -1 and -3.5. The psd of the forced mixing layer 
can be seen in Fig. 5.19. Qualitatively the evolution in psd in the forced flow is similar to that of the 
forced wake shown in Fig. 5.10. Between x/D = 1.6 ~ 4.4, there are mainly -1 and -2.8 exponents. At 
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Figure 5.13: pdf under forcing for different y-positions in a mixing layer with U x = 48 cm/s 
and A = 0.2 at x/D = 0.25. 
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Figure 5.14: Power spectrum density for different y-positions under forcing in a mixing layer 
with Ux = 48 cm/s and A = 0.2 at x/D = 0.25. 



x/D = 7.5, there is clearly a -5/3 spectrum in the range of 500 ~ 7000 Hz. The comparison between 
the forced and unforced psd is g iven in Fi g . 5.20. Combined with the result of variance e volution, the 
turbulent mixing difference is very large between the forced and unforced mixing layer. 
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Figure 5.15: Concentration variance for different x-positions under forcing in different mixing 
layers with and without forcing. 
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Figure 5.16: pdf with forcing for different x-positions in a mixing layer with U x = 48 cm/s and 
A = 0.2. 



5.3 Influence of Reynolds number 

The ra pid relative turbulent mixin g hap pens not only for the relative moderate Reynolds number , 
it is especially apparent for low Reynolds number. For a wake of U = 1 cm/s without forcing, the 
corresponding Re based on pipe diameter is about 400, 40 times smaller than the wake shown above. 
(It should be cleared that the Reynolds number based on pipe diameter is not the best choice, since 
the physical process could be more closely related to the initial momentum thickness of the wake. The 
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Figure 5.17: Comparison between the results of with and without forcing for pdf in a mixing 
layer with U\ — 48 cm/s and A = 0.2. 
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Figure 5.18: psd E(f) without forcing for different x-positions in a mixing layer with Ui 
48 cm/s and A = 0.2. 



pipe diameter is used here just for simplicity.) There is almost no mixing in the whole pipe (2 m) 
according to the visualization. The input contraction has influence on the critical Reynolds number 
Re c [27] from laminar to turbulence and the favorable input condition used here makes Re c larger 
than 2100. The flow is laminar within 2 m of the pipe because of the low Re although there is a 
wake in the input of the pipe. For the laminar flow, it needs at least 150 D for the fluids to be mixed 
molecularly. 
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Figure 5.19: psd E(f) with forcing for different x-positions in a mixing layer with U\ = 48 cm/s 
and A = 0.2. 
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Figure 5.20: Comparison between the results of with and without forcing for psd in a mixing 
layer with U x = 48 cm/s and A = 0.2. 



However, with strong forcing, the fluid has almost already mixed (at least for the relative turbulent 
mixing) at x/D = 0.25 according to the timetrace and pdf results. The timetrace, variance, pdf and 
E(f) for different y-positions for the wake of the low Reynolds number with strong forcing of amplitude 
about 100% is shown in Fig. 5.21, Fig. 5.22, Fig. 5.23 and Fig. 5.24 respectively. For such a wake with 
low Re in a pipe under strong forcing at x/D = 0.25, there is already the inertial subrange spectrum 
with a -5/3 exponent. It should be noted that all results are asymmetric in y-direction for the wake of 
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low Reynolds number. The asymmetric result in y-direction is due to a symmetric breaking hysteresis 
and will be explained in part 2. 
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Figure 5.21: Timetrace of different y-positions with and without forcing in a wake with U = 
1 cm/s at x/D = 0.25. a: no forcing; b, c and d: with forcing at 2y/D = 0.75, 0 and -0.75 
respectively. 



5.4 Influence of initial velocity ratio A 

The initial velocity parameter for mixing layer is (A = Ui-U 2 )/(Ui+U 2 ). The influence of A on mixing 
with and without forcing can, for instance, be seen in Fig. 5.12 and Fig. 5.15 through the variance. 
Here the Reynolds numbers based on the average velocity and pipe diameter are the same, but A is 
different. Ui are 40, 48, 53.5 and 60 cm/s and U 2 40, 32, 26.5 and 20 respectively. U = {Ui + U 2 )/2 
is 40 cm/s for all cases and A are 0, 0.2, 0.33 and 0.5 respectively. The forcing frequency is around 6 
Hz for all cases and the forcing levels for U x = 40, 48, 53.5 and 60 cm/s are 45, 52, 59 and 40 percent 
respectively. The forcing frequency is almost the same around 6 Hz. It can be seen in Fig. 5.12 that 
the asymmetry in y-direction increases with A and in the higher velocity side, the mixing is stronger 
than that of the low velocity side. 

According to the results of variance evolution in Fig. 5.15, for the unforced one, the higher A is, 
the better the mixing is. However, for the strong forced one, the difference is not so evident as that 
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Figure 5.22: Concentration variance for different y-positions under forcing in a wake with 
U = 1 cm/s at x/D = 0.25. 
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Figure 5.23: pdf under forcing for different y-positions in a wake with U = 1 cm/s at x/D 
0.25. 



of unforced one, i.e. the forcing is so strong that the A influence is not important. This result also 
indicates that the forcing is more efficient for wake than mixing layer. 
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Figure 5.24: Power spectrum density for different y-positions under forcing in a wake with 
U = 1 cm/s at x/D = 0.25. 



5.5 Influence of forcing frequency 

Here it is only necessary to mention that in the light of receptivity theory, there is only one frequency, 
under which the forcing has a maximum mixing enhancement if the forcing level is small. When the 
forcing level is large enough, however, the influence of the non-linear effect comes into play and the 
effect of forcing frequency on mixing is complicated and will be discussed in part 2. Here it is only 
necessary to mention that the above mentioned forcing frequencies are all undertaken around 6 Hz. 

5.6 Influence of forcing level 

Here it is only necessary to state that at a given forcing frequency, the higher the forcing level, the 
stronger the mixing, if there is the receptivity in a flow. However the effect of the forcing level on 
mixing depends on the receptivity mechanism and forcing frequency; the influence of the forcing level 
on mixing efficiency is also complicated and all this will be discussed in part 2. 

5.7 Relative turbulent mixing rate Rr 

According to the results of timetrace, variance, pdf and psd distribution shown above, the ideal relative 
turbulent mixing process and state mentioned earlier are approximately realized. Let us consider the 
examples of wake with £7=1 cm/s and U = 40 cm/s. Compared to the unforced situation, the fluids 
in the forcing situation of U = 40 cm/s, axe first quickly mixed on large scales and a small partial 
fine scale at x/D = 0.25 in the whole local cross section with little molecular mixing and then quickly 
become to small scales filling the space with partial molecular mixing until the position of x/D is in 
the range of from 4.4 to 7.5. In this region the small scale will have more and more contribution for 
psd and the large one less and less relatively. The process from the beginning of the wake to this 
region is approximately the ideal relative turbulent mixing process and the state in this region is the 
ideal relative turbulent mixing state. After the ideal relative turbulent mixing state, molecular mixing 
proceeds very fast because of the small scale structures until molecular scale is homogeneous for x/D 
being from 15.6 to 25.4. 
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It is difficult to estimate the physical size of small scale and its distribution in the flow. From 
spectrum, we can only know the eddy distribution. Unfortunately, the exact relation between the eddy 
and physical space scale is not clear. Therefore the estimation used here is just an approximation to 
express a picture for the physical process of ideal relative turbulent mixing process. For the sake of 
simplification, we consider the situation that l s is 

For low i?e, in the wake of U = 1 cm/s at x/D = 0.25, the end of -5/3 exponent spectrum fx is 
around 120 Hz. Its corresponding Ik « U/f « 83 \im. According to eqn (2.6), it can be estimated, 
that the time t m needed for initial dye of concentration c « 1 to decay to 0.5 is y/D m t m /h 2 « 1.2, i.e., 
t m « 0.95 5. The time T s « x/U wis. Therefore R? « t m /T s « 0.95. For the wake U = 40 cm/s at 
x/D = 7.5, the end of -5/3 exponent spectrum fx is around 6000 Hz. Its corresponding Ik is 67 //m. 
t m is about 0.8 5. The time T s is also around 0.8 s. Therefore R? is about 1. Thus the ideal relative 
turbulent mixing process is approximately realized in these experiments under the given conditions. 

5.8 Power spectrum density 

5.8.1 -5/3 exponent with low Reynolds number 

Fig. 5.25 represents the result that even at low Reynolds number (i.e. here a laminar flow without 
forcing), under strong forcing there can be a -5/3 exponent of concentration psd, which usually should 
be obtained at high Reynolds number. Three flows are considered here. One is a wake with low Re 
about 420 based on pipe diameter and average velocity U = 1 cm; another is a mixing layer with 
Re about 3150 based on the pipe diameter and the average velocity U ~ (U\ + U2) /2 — 7.5 cm/s; 
the other is a mixing layer with Re about 33500 based on the pipe diameter and the average velocity 
U = 80 cm/s. Both mixing layer have the same A = 0.5. 
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Figure 5.25: Power spectrum density with -5/3 exponent for different Re. 

The forcing level for the wake and the low Reynolds number mixing layer is around 100%, and 75% 
respectively; the forcing frequency is around 6 Hz. For the large Reynolds number mixing layer no 
forcing is supplied. The downstream x-positions for the measurement are different: The x/D for wake, 
small and large Reynolds number mixing layer are 1.6, 4.4 and 25.4 respectively. It can be seen that 
all the three flows have a -5/3 exponent. The fluctuation of psd for the wake in the region of 20 ~ 70 
Hz is from the noise, which is resulted in as the water surface in the water vessel oscillates slightly 
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due to the strong forcing. This is because of the extremely high spatial resolution. Unfortunately it 
is impossible to tell at which frequency the -5/3 ends and what spectrums exist after -5/3 exponent, 
because before the end of -5/3 spectrum, the shot noise in the signal has already been higher than 
signal. 

For a given Re the psd form at a long distance downstream position without forcing can also be 
obtained much earlier with forcing. This can be seen in Fig. 5.11, where the psd form of the wake at 
x/D = 25.4 without forcing is similar to that at x/D = 1.6 with forcing. 

5.8,2 Batchelor -1 spectrum beyond -5/3 

No -1 region beyond -5/3 exponent for psd can be obtained. For high Re, although the spatial 
resolution is high enough to measure at least partial region of Batchelor spectrum, no -1 region can be 
obtained as in the case of Fig. 5.25. The main factor making the measurement for Batchelor spectrum 
region impossible is the shot noise which begins dominating and is even higher than the signal before 
the end of -5/3 region. This makes it impossible to see if there is a -1 exponent region after -5/3 
region. However, for forced low Reynolds number, the signal frequency-band is narrow, so that the 
SNR is relatively improved; the smallest scale is larger for low Re so that the spatial resolution will 
be relatively higher. Fig. 5.26 shows the forced wakes with low Re, The wake with U = 1 cm/s at 
x/D = 0.25, displays a -5/3 exponent in the region of about 10 ~ 120 Hz followed by an approximately 
-2.8 exponent region clearly instead of -1. The wake with U = 4 cm/s at x/D = 3 has a -5/3 exponent 
in the region of about 90 ~ 360 Hz and after -5/3 region there is also no -1, but instead, somewhat -2.8 
exponent. For these two wakes, the experiment spatial resolution is in the same order as Batchelor 
scale, i.e. at least sufficient to measure partial -1 exponent spectrum if there is. 
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Figure 5.26: Power spectrum density for different flows with no -1 spectrum exponent beyond 
-5/3 region. 



5-8.3 -1 exponent before -5/3 

All the results of psd, with and without forcing, demonstrate that the psd changes asymptotically to 
-1 exponent from large to small scale, for instance, as clearly shown in Fig. 5.25 and Fig. 5.11. This 
indicates that the -1 exponent is more universal than -5/3 and others at least in the experimental 
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conditions used here. The -1 exponent spectrum establishes first in the low frequency range, i.e. large 
scalar structures, then moves asymptotically from low to high frequency. The psd decays downstream, 
but keeps in -1 exponent until the fluids are molecular ly mixed or mixed in the measuring resolution. 
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6 Discussion 



6.1 Homogeneous whole local flow fields 

There are two important requirements for the ideal relative turbulent mixing process: the whole local 
homogeneous cross section and T s < t m . The whole local homogeneous cross section means that at 
each local position downstream from the initial mixing state, the whole cross section perpendicular to 
the streamwise direction is homogeneous. This is corresponding to the cases of free and wall boundary 
turbulent flows (including flow in pipe and static mixer). For stirred tank, the whole local homogeneous 
cross section means the whole tank. The whole local homogeneous cross section is very difficult to 
be realized for normal flows and is therefore a strong restriction. This actually also implies a relative 
turbulent mixing criterion. The whole local homogeneous cross section at short downstream distance 
indicates that the ratio of mixing in the transverse direction to the bulk convection is extremely high. 
The above given comparisons in the center of wake and mixing layer in y-direction have shown the 
dramatic difference of mixing with and without forcing. The difference is actually even more obvious 
in the near wall region. This is especially shown in the comparisons of position of x/D = 0.25. It 
indicates that the forcing has higher efficiency for mixing in the whole flow field rather than just the 
center of the wakes and that the extent of homogeneity of the whole flow field is also an important 
criterion for the ideal relative turbulent mixing process. It should also be mentioned that although the 
measurement is only undertaken in a two dimensional surface, it can be extrapolated that the mixing 
in three dimensions is also in the same order, since the most difficult region for mixing is in the near 
wall region of initial x-position, i.e. here 2y/D = 0.75 and -0, 75 with x/D = 0.25, and if the fluids 
in these region is mixed, the fluids downstream should be also mixed. 

6.2 Control between Ik and fa 

It could be expected that, in order to control in the region of l k and l B , i.e. prompt the process for 
l k to become l B , the energy must be inputted in the corresponding frequency region and there should 
be no influence on scalar structure in these high frequency region if the input energy is inputted in 
the large scale region, i.e., low frequency region. Prom Fig. 5.11 at x/D = 4.4, the comparison shows 
that the smallest scale with forcing is much smaller than that without forcing. The difference is here 
about an order. This indicates that the region from l k to l B can, at least, be controlled indirectly. 
Here indirectly means that the l k of the forced one is smaller than that of unforced one, i.e. with the 
reduction of small scale l k through the control of low frequencies corresponding to large scale. The 
corresponding directly means that the forcing is undertaken at high frequencies corresponding to the 
region from l k to 

6.3 Comment on ideal relative turbulent mixing process 

The traditional turbulent mixing criteria (for example, segregation intensity, pdf and variance decay 
rate) are useful to describe mixing goodness and rate, but the new concept of ideal relative turbulent 
mixing process help us to search for an optimized mixing control. 

The proposed ideal relative turbulent mixing process is, for controlling the flow, a useful model, 
which can, in turn, be used for the mixing and reaction estimation, since the range of scale and 
concentration variation is largely reduced. Thus, the flow can be regarded as that, the small scale 
scalar fills the physical spacing and distributed homogeneously at nearly initial concentration. When 
the ideal relative turbulent mixing state is achieved, the mixing can be estimated at the scale of, for 
example, l k (by eqn (2.6)) with approximately initial concentration. This is only a simplified model, 
since ideal relative turbulent mixing process and molecular mixing occur at the same time, even when 
l K is not reached yet. However, the model is mainly aimed at evaluating different mixing controls, 
and the higher Rr is, the more accurate the model is. 

For a given initial Reynolds number, the criterion Rr can be used to compare different control 
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results and the higher Rr, the higher the mixing rate. However, for different Reynolds number, Rr 
should be applied with care. This is due to that the higher Re, the smaller l k is. The smaller l k , the 
smaller the time t m . This can be shown by the relation 



l K ~ LRe'V* ( 6 .1) 
tm ~ l\/D m ~ L 2 /D m Re^ 2 ~ S c v x l 2 L l l 2 /U^ 2 (6.2) 
T s ~ Xi/U (6.3) 

here X{ represents the downstream position, where the ideal relative turbulent mixing state is 
achieved. That is to say, with the increase of Re (through velocity) for a fixed large scale, t m reduces 
faster than T 5 . In order to achieve Rr > 1, a* must be smaller for higher velocity, i.e. turbulence 
has less time to achieve the ideal relative turbulent mixing state. However at a given Re, Rr can tell 
us how far away a relative turbulent mixing process is from its corresponding ideal relative turbulent 
mixing process and how much potential is left for control to enhance turbulent mixing. 



6.4 Mechanism of the turbulent mixing enhancement 

The above mentioned rapid transition from an initial large to a small scale for mixing enhancement 
indicates a strong nonlinear process and an optimized energy transfer from large to small scale. It is 
based on a new receptivity mechanism and will be investigated in the part 2. 



6.5 Zero crossing point number of gradient G z 

Even though G z is proposed as a criterion for turbulent mixing, unfortunately, due to the high shot 
noise, it is difficult to get good experiment result with low noise. As the noise is too high, it is difficult 
to have a correct G z . Therefore no result for G z is shown here. However, if the SNR is improved, G z 
would be a useful parameter. It may help us to understand the relation between eddies in frequency 
domain and the structures in physical space. 



~6.6 — ^l_exponent-spectrum 

There are two theories which result in -1 exponent spectrum. One is Batchelor spectrum for scalar [5] 
and the other is Tchen's -1 theory [48] for near wall region in boundary flow where the vorticity due to 
velocity gradient is relative high. Fig. 5.25 shows that there is a -1 exponent spectrum in the frequency 
range lower than that of -5/3 exponent. In Fig. 5.26, there is no -1 exponent spectrum in the frequency 
range higher than that of -5/3 exponent. The Re used here is low. Batchelor said that, "the form of 
psd beyond the viscous cut-off wave-number do not require the Reynolds number of the turbulence 
to be so large that an inertial subrange exists. Whatever the Reynolds number of the turbulence, the 
distortion of sufficiently small material elements of fluid will be a pure straining motion". However, 
if the -1 exponent spectrum is in the lower frequency range than that of -5/3 exponent, it is difficult 
to believe that in this region the flow is a pure straining process. It is, therefore difficult to regard 
the -1 exponent range as the Batchelor spectrum, even if the Reynolds number is low, as it is in the 
frequency range below that of -5/3 exponent, i.e. where turbulent stirring is relative strong. That if 
the -1 spectrum is related to Tchen's -1 spectrum is unclear. 

The -1 exponent spectrum before -5/3 has probably another reason. The large Sc renders the 
turbulent mixing mechanism different from that of small 5c. For large 5c, the diffusivity of scalar is 
much smaller than its counterpart of vorticity. For velocity fluctuation, 

U' ~ ( € i)V3 (64) 

where u' corresponds to the length scale /. This means turbulent velocity fluctuation increases 
with scale. However, in the initial stage from large to small scalar scale in turbulent mixing process, 
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the scale is so large that the molecular diffusion can be negligible when Sc » 1. This indicates that the 
dependence of concentration fluctuation on scale is not so strong as its velocity counterpart shown in 
eqn (6.4). On the other hand, with the further deduce of the scale, the behavior of velocity and scalar 
would be the same and have a common -5/3 exponent where molecular mixing has a little influence. 

6.7 A new method for turbulence study 

The -5/3 exponent spectrum is a necessary condition for local isotropic turbulent flow. A necessary 
condition for the universality of the scalar field is that the velocity field must be universal [103]. 
The classical turbulent theory seeks a universal law of turbulence which is based on local isotropic 
turbulent flow and the necessary condition for the local isotropic turbulent flow is that turbulent 
Reynolds number must be high enough. This, in turn, means that Re must be high enough. In 
the traditional flows, grid, jet, wake, boundary layer and pipe flows and so on, which are used for 
turbulence study, the energy transfer from large to small scale is not optimally controlled, thus to 
achieve a given turbulent Reynolds number, the Reynolds number must be very high so that a given 
amount energy from average motion could be transferred to turbulent movement. However, using 
receptivity mechanism, the energy from average motion and extra input could be received by turbulent 
motion more efficiently, so that a given turbulent Reynolds number could be carried out at relatively 
low Re if the receptivity is strong. 

According to the experiment result here, e.g. Fig. 5.25 which indicates that the high Reynolds num- 
ber properties can be achieved with low Re under forcing, it is possible to study high Reynolds number 
phenomena, which is sometimes difficult to investigate experimentally and numerically, through low 
Reynolds number with special forcing. Numerically if Re is small, the l k will be increased, and it will 
be easier and cheaper to use direct numerical simulation (DNS) for simulation of turbulence due to the 
fact that DNS has difficulty with high Re where Kolmogorov scale l k is very small. Experimentally, 
the relative signal to noise ratio, spatial and temporal resolution will be higher and the experiment will 
also be much easier if Re is lower. Thus, with the use of special receptivity mechanism (methodology 
used by structure group), the forced flow provides a new opportunity for the the study of statistics of 
turbulence. 
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7 Conclusion 

Experimental Method 

1. A high spatial resolution of around 4 (//m) 3 scalar measurement of LIF is achieved. The laser 
intensity at the measuring volume is so high that thermal blooming and photobleaching could 
become serious and contaminate experimental results. 

2. Investigation on the influence of photobleaching and thermal blooming on LIF is conducted and 
a model describing the influence of photobleaching through the velocity deviation is proposed 
and is supported by experimental results. 

3. The effect of laser power and concentration on photobleaching is measured through the relation- 
ship between fluorescence intensity and flow velocity, decay curve and half-life time constant. 

4. Scalar measurements should be conducted only when the velocity is high enough, i.e. there is a 
lower limit for the velocity. 

5. Calibration and photobleaching measurements should also only be done when the fluid is in 
motion and the fluid velocity is beyond a threshold value. 

6. A new method to measure photobleaching is proposed. 

7. A new velocimetry based on the photobleaching of LIF is invented. 

8. For high spatial resolution measurement of LIF, the measuring volume is very small and so is 
the signal level. This results in low signal to noise ratio, especially in the high frequency region. 
The dominating noise is the shot noise in the signal. 

9. A corresponding low noise current amplifier is constructed. 

10. Laser beam power and dye concentration cannot be increased without limitation to improve 
signal to noise ratio because of photobleaching. 

— 3J^Thj3_meas.urem 

undertaken when the fluid is in motion. 

Turbulent Mixing 

1. Around 20 existing turbulent mixing criteria are collected and reviewed. 

2. A new model for an ideal relative turbulent mixing process and state is proposed for the turbulent 
mixing criteria. 

3. The model is based on both turbulent flow and scalar physical properties and related to turbulent 
mixing control. 

4. The ideal relative turbulent mixing process and state is approximately realized in experiments. 

5. Even for low Reynolds number, the ideal relative turbulent mixing process and state can be 
realized. 

6. Through management and control, the pipe flow can also obtain the same fast mixing properties 
as a mixing tank. 

7. The relative turbulent mixing is drastically enhanced under strong forcing. Even within a 
quarter pipe diameter downstream of the trailing edge, the large and small scale have already 
been homogeneously distributed in the whole local cross section. 
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8. Without forcing, the higher velocity ratio A is, the stronger the relative turbulent mixing. 
However under strong forcing, the influence of velocity ratio A is relatively small. 

Turbulence theory 

1. A new controlled flow is proposed for turbulence theory study, where the turbulence statistical 
properties at high Reynolds number can be realized at low Reynolds number with specific forcing, 
e.g. -5/3 exponent of power spectrum density can be obtained for a laminar flow with strong 
forcing due to a new strong receptivity mechanism. 

2. For low Reynolds number, the spatial resolution is the same order as the Batchelor scale, However 
no Batchelor -1 exponent spectrum is found in the frequency range higher than that of -5/3 
exponent spectrum, instead, there is an approximately -2.8 exponent spectrum. 

3. There is indeed a -1 exponent spectrum from large to small scale and its range increases with 
downstream distance. However the -1 spectrum is in the frequency region lower than that of 
the -5/3 spectrum. It is not the Batchelor spectrum. The power spectrum density decays in a 
downstream direction keeping -1 exponent until molecular mixing is finished. 
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Part II 

New phenomena in a confined 
configuration 
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8 Introduction 



On the one hand mixing layers are basic fluid modules for free turbulence and turbulent mixing, and 
so is a pipe flow for wall bounded configurations. Reynolds used pipe flow to do his famous experiment 
of transition from laminar to turbulence. Brown and Roshko found coherent structure in a mixing 
layer. On the other hand, mixing (i.e. transport) properties are the central point for turbulence 
study. Taylor studied the diffusion property and established some important concepts, e.g. turbulent 
diffusion coefficient and so on for turbulence; Prandtl proposed the mixing-length model according to 
the transport characteristics. 

However, a combination of these two flows, i.e. a mixing layer (including wake) at the intake of a 
pipe flow has, to the author's knowledge, never been investigated in details for both turbulence and 
turbulent mixing. Usually such flows are not considered of general interest for fundamental research, 
since additional complications of the wall influence are introduced which may obscure the study of 
turbulence mechanisms. In all realistic cases there is, however, always a wall influence present, albeit 
often only to a negligible extent, and it may not be unwelcome under all circumstances. 

The confined mixing layer in a pipe is not simply a superposition of a mixing layer and pipe 
flow, and visualization discloses a variety of phenomena which cannot be explained by the simple 
superposition. This is particularly true for the case of periodic forcing where one observes singular 
critical (mixing) phenomena, which are unknown in the "ordinary" mixing layer and are also not 
found in a simple pipe flow. Those phenomena are interesting both for the fundamental researcher 
and for the engineer and may even provide new insights for those making basic studies on the origin 
of turbulence in an open flow. 

Since we could find no reports on this flow, the first step in studying this flow is visualization. In 
this work, some new phenomena of a confined mixing layer (including wake and quasi-step flow) in 
a pipe are shown, both the vortices and their effects on turbulent mixing under the influence of an 
actuator through visualization. 

8.1 Simultaneous visualization of three light sheets 

Flow visualization is always a powerful experimental method for the study of fluid mechanics. Es- 
pecially for complex flows, we sometimes need to have a simultaneous view of three light sheets of 
flows in order to understand better the 3-D large structures in the flow. Laser-induced-fluorescence 
(LIF) can provide us with a powerful method for this aim. Usually the visualization of the three light 
sheets includes a side view of spanwise structures, a plan view of spanwise and streamwise structures 
and a cross view of streamwise structures, for example, in a mixing layer. To the author's knowledge, 
while there are some works that can visualize the side and plan view simultaneously (e.g. Konrad 
[61]), no work has been found that can visualize the three light sheets, i. e. side, plan and cross view 
simultaneously. One main reason for this is that the three light sheets have different image distances, 
especially the cross view, which has a much longer image distance than the other two. In this work, 
a method, which can solve this problem, is realized. 

8.2 Dual receptivity 

As pointed out in part 1, Fig. 5.1 shows the extraordinary spread rate of the wake for mixing. Such 
a fast spread, to the author's knowledge, has never been obtained. This is based on a new receptivity 
mechanism. Receptivity is a fundamental concept for the study of turbulence and turbulence control 
It is widely be used to describe how a flow responds to an external disturbance and how the external 
disturbance develops in a shear flow. When a free shear flow has receptivity to an external disturbance, 
its corresponding instability theory indicates that, as the disturbance is periodic and its amplitude 
is small, there is one frequency (or Strouhal number St), under which the disturbance reaches its 
maximum development. If the disturbance is large, there can be a subharmonic or superharmonic 
components of the fundamental frequency due to non-linear effect, at which the disturbance reaches 
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its maximum level. These frequencies axe commensurable. This is the fundamental knowledge of 
turbulence control. 

Here a new concept "dual receptivity" is introduced. What does dual receptivity mean? The 
dual receptivity is, defined as follows: There are two frequencies, under which the initial disturbances 
reach their maximum development, if the disturbances are periodic; these two frequencies must be 
incommensurable. Such a phenomenon, to the author's knowledge, has not be reported, especially for 
free turbulent flow and boundary turbulent flows control. However, in a confined configuration, i.e. 
here a symmetrical plane wake (wake) and asymmetrical plane wake (mixing layer) in a pipe (or in 
the other word, there is a plane wake or mixing layer at the inlet of the pipe), the dual receptivity is 
observed. One type of the dual receptivity is the well-known spanwise Karman or Kelvin-Helmholtz 
instability mechanism and the other is unknown. 

The dual receptivity tells us there is a new instability mechanism. This new one is quite different 
from the traditional one and its receptivity is much stronger than the traditional one, especially in 
the near field of the wakes. One of its applications is mixing enhancement as described in part 1. 

8.3 Sudden transition to turbulence 

The scenario of transition to turbulence is an important topic for turbulence study. Landau [65] 
proposed a scenario for the transition from laminar to turbulence. It is based on the idea that a 
system becomes turbulent through a succession of instabilities, where each instability creates a new 
degree of freedom (through an indeterminate phase) of a time-periodic nature with the frequencies 
successively higher and incommensurate (not harmonics). Since the resulting motion is given by the 
superposition of these modes, it is quasi-periodic. Later Ruelle and Takens [92] suggested that this 
idea was in some sense too linear. In fact, nonlinear interactions among a small number of modes 
generically yield chaotic behavior characterized by a decay of correlations that more appropriately 
describe a turbulent regime. Experiments also tell us, that only a small number of modes need to be 
forced to produce turbulence. However, the number of modes participating in the transition is, as of 
now, an open question to be answered experimentally [34]. 

One interesting transition is a sudden transition from laminar to turbulence, during which, the 
flow losses its stability at once with no bifurcation taking place at all [95] [19]. A sudden transition 
would reveal the mechanism of transition in the most direct way as pointed out by Schutz-Grunow 
[95], This may be similar to a snap-through transition in a plane parallel shear flow [55]. 

Usually in a mixing layer and plane wake there is always a transition process to turbulence beyond 
the splitter plate when the flow in the trailing edge is laminar. The transition in a mixing layer could 
be related to double periodic or Feigenbaum. bifurcation [52]. 

However, the visualization here shows that under some conditions, e.g. periodic temporal forcing, 
a sudden transition from laminar to turbulence can happen through some bypass in a confined configu- 
ration, i.e. plane mixing layer and wake in a pipe, even without any apparent mode, i.e. the production 
of successive subharmonics, which emerge as a possible route to turbulence. This phenomenon is also 
discussed here. 

8.4 A new symmetry breaking hysteresis phenomenon 

Symmetry breaking and hysteresis are often interesting for physicists (see, e.g. [96]), because it could 
be related some instability mechanism. So is the symmetry. In this work, a new symmetry breaking 
hysteresis is observed under strong forcing for a plane wake, as mentioned in part 1 for the scalar 
measurement of a small Reynolds number plane wake. This new symmetry breaking hysteresis may 
be related to some bifurcation mechanism and will be described here. 
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8.5 Pairing burst 

Vortex pairing is an important phenomenon for mixing layer development and the turbulent mixing 
mechanism proposed by Winant and Browand [120]. The burst phenomenon is an essential property 
in the boundary layer and pipe flow as proposed by Kline et al. [56] and Corino and Brodkey [22]. 
Pairing is important for mixing as is burst for drag reduction, heat and mass transfer. Here a new 
phenomenon known as "pairing burst" is introduced. It means that when pairing happens near the 
wall, it will result in a burst, i.e., large scale ejection from the wall. The word "burst" here is used to 
describe such a large vortex ejection. 

In a confined mixing layer in a pipe, the mixing layer behavior, is similar to that in a normal 2-D 
mixing layer, also has pairing under some conditions and the central line of the mixing layer is biased 
to the low velocity side with or without an initial temporal periodical forcing. With the increase of 
velocity ratio A, the mixing layer not only spread fasts but also has a steep bias to the low velocity side, 
and the pairing can sometimes happens near the wall in a sweep way. The major point of interest is 
that if the pairing appears steeply near the wall, the amalgamated large vortex will eject quickly from 
near wall region to the center of the pipe just as with a burst, and therefore we call this phenomena 
as "pairing burst". On the one hand, pairing burst is an interesting phenomenon fundamentally. On 
the other hand, the mixing layer spread rate will be much increased at the streamwise position where 
pairing burst happens. Thus pairing burst not only increases mixing, but can also enhance heat and 
mass transfer from the wall to fluid. 

In this work, the phenomenon of pairing burst, the influence of Re, A and initial temporal forcing 
on pairi ng burst are investi g ated. The wall has a relativel y strong influence on the flow. It ma y help 
us to better understand the free turbulent flow, (for example, the mixing layer) and wall boundary 
turbulent flow, the relation and interaction between them. Even if there are a lot of works on turbulent 
burst, it is still an issue in turbulent boundary flow according to the review of Robinson [90]. For 
instance, its dynamic mechanism is still unclear, and so is the interaction between inner and outer 
flow. If we take pairing burst as a model for turbulent burst, it may help us to understand the dynamic 
process. 



68 



9 Experimental set-up 



9.1 Water channel 

It is almost the same as that used in part 1, except that the water vessel against the refracting 
distortion is removed. 

9.2 Optics 

The optics used here is quite different from that used in part 1 and is shown in Fig. 9.1. LIF is applied 
here for the flow visualization. The peak absorption and emission spectrum of sodium is blue (488 
nm) and green (530 nm) respectively, and the reflecting laser light from glass is strong. In order to 
get clear pictures without reflecting light, the exciting light of the laser should be different from the 
emitting light in the wave length. For this aim only blue light is expected to be the exciting light. 
Using an etalon we can get only blue color (488nm) light. A narrow band light filter 500 ~ 600 nm 
and yellow color filter before a CCD camera are used to filter away the reflecting light. The filter is 
the same as used in part 1. 




Figure 9.1: Experimental schematic. 



In order to understand this complex flow, it is helpful to see the three light sheets (x-, y- and 
z-direction) of the flow field simultaneously. The three light sheets, i.e. x-, y- and z-sheet represent 
cross, plan and side view respectively. For this purpose, the light coming from the laser is first led 
through a beam splitter with 40 percent reflection. The reflected light passes through the mirrors 
Ml and M2, lens L3 and cylinder lens L4 for the z-sheet. The 60 percent light again goes through a 
second beam splitter M4 with 30 percent reflection. The 30 percent light passing through the lens LI 
and cylinder lens L2, is used for the x-sheet, which has a smaller sheet view compared with the other 
two, and the other beam goes through the mirror M3, lens L5 and cylinder lens L6 for the y-sheet. 
Thus the light intensity difference of the three light sheets is sufficiently small. 

If the laser light sheets are too thick, it is very difficult to see the visualized pictures from the 
sheets because the projections of the light on them from the othef two light sheets are too strong. 
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Therefore the three light sheets must be as thin as possible. There are different methods to produce 
thin light sheets. Due to the fact that the optical is already very complex for the three light sheets, 
the optics for thinning light sheets should be as simple as possible. For this purpose, some long focus 
length lenses are used on every light sheet, and placed before the cylinder lenses that are used for light 
sheets. The focus lengths of the lenses LI, L3 and L5 are 0.8, 1 and 1 m respectively. The distances of 
these lenses from the pipe axis are the focus lengths, so that the light sheets can be sufficiently thin. 
The long focus lenses are chosen to make sure that a sufficient length of the viewed thin sheet field 
can be obtained. 

If the laser intensity of one sheet is too strong, the images from the other two sheets will not 
be clear. For this reason, the laser power should not be too high (but must be high enough). The 
optimized laser power should be found through some probe tests. 

The image of the three light sheets of the flow field is diagnosed with a monitor and received by a 
Sony CCD camera and Beta recorder. The CCD camera can only see the z-sheet directly. To place the 
three light sheets on the monitor simultaneously, some mirrors are used for the other two sheets. A 
mirror M7 is placed under the pipe for the y-sheet at 45°. The difficulty is the x-sheet. It is impossible 
to see the x-sheet clearly by placing a mirror simply near the x-sheet at an angle, because the pipe 
wall is round. For that reason, a mirror M4 at 45° to the x-direction is placed in the center of an 
Plexiglas cube, which is positioned 1 m downstream from the trailing edge (to make sure that there 
should be no influence on the near field of the test section). Over the cube there is a mirror M5 at 45° 
to the x-direction. Over the mirror M7 and pipe, there is a mirror M6 at 45° to the z-direction, which 
finally reflects the image of the x-sheet to the camera. In this case, the image distance of x-sheet 
is much larger than the other two. Now the difficulty emerges. To see the three light sheets clearly 
and simultaneously, the image distances for the three light sheets should be almost the same. The 
difference of the image distance between z- and y-sheet is relatively small, therefore the two sheet can 
clearly been viewed simultaneously. However, since the light passing length of the x-sheet image, i.e. 
the image distance of the x-sheet is much longer than the other two, the x-sheet image is too small 
and unclear. 

It was initially thought that, if the image distances for all the three light sheets were very long, 
the difference of image distances among them would be relatively small. For this reason, the camera is 
placed quite far from the test section, but the pictures are too small and unclear. It is also impossible 
to overcome this problem, by simply reducing the iris of the camera. One possible method is to reduce 
the image distance of the x-sheet, which is shown as follows. 

Let us consider the combination of lens a and b when they are placed in tandem. In the viewpoint 
of the principle of geometric optics, there is the relation 

1/of + 1/&F = If < a and f F < 6. (9.1) 

where a F and b F are the focus lengths of both lenses a and b respectively and f F is the focus 
length of the combined lenses. If a F and b F are positive, f F is then always smaller than both a F 
and b F . As some lenses are added between the x-sheet and camera, the image distance of the x-sheet 
will be decreased. Based on this principle, both lens L7 (fl000/50) and lens L8 (fl>00/70) are placed 
between mirrors M5 and M6. The positions of these two lenses are adjusted to receive a clear and 
sufficiently large size picture of the x-sheet. These two lenses should also have large enough diameters, 
so that the picture is not blocked. Given the complicated optics and small size for the x-sheet, it is 
also important that the mirrors used for x-sheet are surface mirrors. All the mirrors used, except the 
mirror M7, are surface mirrors. Now the image distance of the x-sheet is almost the same as the other 
two, and thus the three light sheets are clearly and simultaneously shown on the monitor. 

Fig. 9.2 shows a sample of the simultaneously visualized pictures of the three light sheets in a 
confined mixing layer, where U\ and U2 are 7.5 and 3.0 cm/s respectively. The top, middle and 
bottom pictures are cross, side and plan views respectively. The fluids flow from left to right. The 
large primary vortices in the side view and the secondary vortices in the cross and plan view are clearly 
displayed. The visualization of the three light sheets shows clearly the 3-D large structures and their 
topology, especially through the video. 
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Therefore, the main problem for the simultaneous visualization of three light sheets is the different 
image distances. It can be overcome by using extra lenses in the viewpoint of geometry optics. Thus 
this work presents a successful method to visualize simultaneously three light sheets perpendicular 
to each other for complex flows [111]. The method may also be used for reconstruction of 3-D large 
structures through the scanning of the x-sheet. The details of these structures will be investigated 
next. In this work, for all pictures, where the 3-D visualization is simultaneously shown, the top, 
middle and bottom pictures are cross, side and plan views respectively. 




Figure 9.2: Simultaneous 3-D visualization of a mixing layer. 
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10 Results 



10-1 Dual receptivity 
10.1.1 Wake 

The initial momentum thickness is often used for the scaling in shear flows. Here, its value in the 
mixing layer originating at the trailing edge can be approximately estimated through 2-D spatial mode 
of linear instability theory, since the flow is approximately two dimensional just after the splitter plate 
without forcing, and the forcing result can be described by linear theory although it is a non-linear 
process (Ho k Huang [49]). The program (which was originated for boundary flow instability using 
Orr-Sommerfeld equation) was offered by Prof. H. Zhou and was changed for a three dimensional 
plane mixing layer by the author under Zhou's advice when he was in Berlin. Firstly the dimensionless 
frequency, i.e. Strouhal number, is theoretically calculated, at which the spatial amplification rate 
of a disturbance — oti decreases to zero. Secondly, the forcing frequency is experimentally increased 
until no receptivity can be found anymore. Then the momentum thickness 9 can be obtained. Once a 
momentum thickness is obtained for a given velocity, the momentum thickness of the other velocity can 
be estimated through the relationship between velocity and laminar boundary momentum thickness, 
due to the fact that the flow is laminar on the splitter plate. 

The visualized scalar structures size and their corresponding shear layer thickness are approxi- 
mately used as the criterion of receptivity even though the instability theory is usually described as 
the disturbance of velocity. The argument is that, at the beginning of the wakes, the larger the co- 
herent composition of the velocity, the wider its corresponding vortex in the shear layer of the wakes, 
which can be recognized by scalar large structures at least in the near field. In this work, there is no 
attempt to provide the fundamental data for the receptivity study quantitatively, instead the work 
introduces a new phenomenon of receptivity and its possible mechanism qualitatively. 

Temporal periodic forcings of the flows with a certain of frequencies and amplitudes are introduced. 
The relative average velocity-perturbation amplitude of forcing (henceforth called forcing amplitude 
or level) resulting from the membrane corresponds to 



where the ratio of membrane to nozzle area Am /An = 2 in this experiment. / is forcing frequency 
and ciM is the maximum displacement of the membrane. 

The estimated initial Reynolds number based on initial momentum thickness is 



where £ 8i$ is the sum of the momentum thickness of the upper and the lower boundary layer at the 
trailing edge. 

The visualization is undertaken in the near field of the wakes. The fluids flow from left to right. 
The trailing edge of the splitter is within the view of the pictures. 

10.1.1.1 Phenomenon and forcing frequency / effect Fig. 10.1 shows the responses of a 
wake to the forcing from loudspeaker in side view through the axis of the pipe. The forcing amplitude 
is about 10% and average velocity U is 4 cm/s. Fig. 10.1a is the flow with no forcing. 
In Fig. 10.1b the flow is forced at frequency / = 1.6 Hz. It can be seen that, the disturbance is, 
relatively, strongly amplified and there are only large coherent structures. When / is increased to 4.4 
Hz in Fig. 10.1c, it is observed that the growth rate of the disturbance is much reduced compared with 
Fig. 10.1b even though it is increased at the beginning. Traditionally, it indicates that, frequency 
of 1.6 Hz corresponds the maximum amplification, and with the further increase of frequency, the 
amplification will decrease. However, what is interesting is that, at / = 6.0 Hz, the disturbance is 
again increased as shown in Fig. 10. Id, and there are more small scale vortices and scalar structures 




(10.1) 




(10.2) 
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in comparison to the other situations. This indicates that, the disturbance at / = 6.0 Hz amplifies 
faster than all other frequencies. If / is further incremented, the amplifying rate will decreased as 
shown in Fig. 10. le until there is no receptivity anymore. 



A 



B 



C 



D 



E 



Figure 10.1: Dual receptivity phenomenon from side view of a wake. U= 4 cm/s, A = 10%, a: 
/ = 0 Hz; b: / = 1.6 Hz; c: / = 4.4 Hz; d: / - 6.0 Hz and e: / = 8.5 Hz. 

From the linear instability theory, we know that, for plane wake there should only be one frequency 
at which the amplification reaches its maximum. However, in this experiment, it is obviously that 
there are two frequencies, at which the amplification reaches its maximum. At the beginning it was 
thought that one frequency was the subharmonic of the other, because the forcing was very strong, and 
non-linear may dominate even at the beginning of the wake. However, combined with experiments at 
some other Re number conditions, it is found that they are incommensurable, i.e. the frequency of the 
first maximum receptivity /i max does not depend on the frequency of the second maximal receptivity 
hmax (see later). That is to say, the first one is not the subharmonic of the second one and the 
second one is not the superharmonic of the first one. At the frequency of two times fimax, i-e. its 
superharmonic frequency, the receptivity is relatively very small. It seems that there are two different 
receptivity mechanisms in the confined plane wake in the pipe under strong forcing. The first one (1.6 
Hz) corresponds to the traditional receptivity mechanism and the second one (6 Hz) is unknown. 

10.1.1.2 Amplitude effect The influence of the forcing amplitude A = yfufi/U depends on the 
forcing frequency. Fig. 10.2 (side view) displays the influence of A under different values of/. Again, 
at around / = 6 Hz (the new receptivity mechanism), A has the strongest influence on the evolution 
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of the wake in the near field. In Fig. 10.2a, no forcing is supplied. From Fig. 10.2b to Fig. 10.2f, the 
flow is forced at 6 Hz with different A values of 1%, 5%, 25%, 35% and 45% respectively. On the one 
hand, it is found that, the receptivity at 6 Hz is very high, and has not yet reached a saturation when 
A is around 30%. One the other hand, the influence of the amplitude on the spread rate of the wake 
becomes smaller with the increase of A, e.g. the amplification difference of the disturbances between 
Fig. 10.2e and Fig. 10.2f is not so high compared with other values of A However at / = 16 Hz, the 
receptivity has already reached its saturation when A is about 5%, as shown in Fig. 10.2g and Fig. 
10.2h, where A is about 5% and 45%. Observation indicates that the maximum receptivity frequency 
corresponding to the traditional one seems to be around 16 Hz for this flow. For / = 22 Hz in Fig. 
10.2i, A has almost no effect on the spread rate of the wake even though A is 5% compared with Fig. 
10.2a, i.e. no receptivity. 




Figure 10.2: Forcing amplitude influence on receptivity. U= 25 cm/s, a: / = 0 Hz; b: / = 6.0 
Hz, A = 1%; c: / = 6.0 Hz, A = 5%; d: / = 6.0 Hz, A = 25%; e: / = 6.0 Hz, A = 35%; f: / 
= 6.0 Hz, A = 45%; g: / = 16 Hz, A - 5%; h: / = 16 Hz, A = 45%; i: / = 22 Hz, A = 5%. 



For very small A, e.g. 0.5%, only one receptivity mechanism (here 16 Hz) can be observed. With 
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other results (see bellow), it can be recognized that this corresponds the traditional 2-D plane wake 
receptivity mechanism. It is also found that in the confined wake, this receptivity has similar response 
to the amplitude effect as the traditional 2-D wake, i.e. the receptivity has its saturation to strong 
forcing amplitude as shown above in Fig. 10. 2g and Fig. 10.2h for / = 16 Hz. 

Fig. 10.2 indicates that the amplitude influence strongly depends on the receptivity mechanism and 
forcing frequency. At some frequencies (here about 6 Hz), where there is a receptivity, the receptivity 
decreases with A, but it is still larger than zero. Therefore the larger A is, the larger the Karman 
vortex street. In other frequency regions where there is no receptivity, the amplitude has almost no 
influence on receptivity. The influence oi A can be quite different for different receptivity mechanisms. 

Even if the forcing amplitude is very high, at which the first (traditional) receptivity reaches sat- 
uration, the second one still has a relatively large receptivity. Generally, the second (new) receptivity 
is much stronger than the first one if the forcing amplitude is high enough. This can be distinguished 
by Fig. 10.2. The second one is related to the secondary vortices, i.e. Type A Vortices in this flow 
(see later). 

The second receptivity strongly depends on the forcing amplitude and can take place only when the 
forcing amplitude reaches a threshold value. This indicates that, the secondary receptivity corresponds 
to a nonlinearly unstable mechanism. At relatively small forcing amplitude, the first receptivity can 
be seen, but the second one can not. Fig. 10.3 shows the result of the relation of the threshold with 
Reynolds number Re. It can be seen that, the higher initial Re numbers, the lower the threshold 
amplitude is. The result indicates the influence of wall on the flow through the viscosity, i.e. the wall 
can confine the development of a disturbance under some conditions. 
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Figure 10.3: Relation between threshold forcing amplitude and initial Re, 



In a traditional 2-D-plane wake, even a small disturbance can be amplified. There are few inves- 
tigations into the large forcing amplitude on free turbulent flows, except some papers, e.g. [81] [119] 
and [37]. Fiedler and Mensing [37] found that in plane mixing layer, the receptivity had a saturation 
to large forcing amplitude, i.e. in their experiment, when the forcing was as high as 6.5%, there was 
almost no influence of the forcing level on the flow anymore. 

For small Reynolds number (Re$ < 10) and frequency in the range of 0.5 ~ 5 Hz investigated (not 
shown here), the visualization results indicate that the saturate amplitude, over which the influence 
of A reaches saturation, is larger than the traditional one, e.g. the saturation is not achieved when 
A is already 10%. When the forcing amplitude is sufficient high, e.g. at 50%, the spread rate of 



75 



the Karman vortex street can be similar to that of Fig. 10.2e, i.e. much higher than the one of a 
traditional plane wake. But for higher Re e , no such a high receptivity can be observed. 



10.1.1.3 Re effect The Re is increased through the increase of velocity. Similar to the normal 
2-D plane wake, the frequency of the first maximal receptivity fi ma x is increased with the increment 
of U. For a given flow, according to the instability theory, the corresponding Strouhal number St ma x 
is a constant for the maximum amplification rate, i.e. maximum receptivity. 



Stimax = flmax J^Oip/U • 

Near the trailing edge the flow is laminar, so 
For a constant St 



lmax 



(10.3) 



(10.4) 



(10.5) 



The experiment result Fig. 10.4 shows that the first receptivity fi ma x is qualitatively increased 
with U. The observation also shows that the f2max, corresponding to the second receptivity, is almost 
independed of U. It is approximately a constant in the range of 5.2 ~ 7 Hz in the experiment range 
of U (1 ~ 40 cm/s) for the wake. The result is also shown in Fig. 10.4. For mixing layer with U\ - 
80 cm/s and U2 = 40 cm/s, hmax is also around 6 Hz. 




0.0 
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Average convection velocity U 
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Figure 10.4: Relation between maximum receptivity frequency and U. 



Due to the above mentioned two reasons, the difference between the two maximal receptivity 
frequencies decreased first with the increment of U. When U is in the range of 7 ~ 15 cm/s, no 
apparent double receptivity can be recognized, because they overlap each other. As U increases 
further, the difference increases again. 
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10.1.2 Mixing layer 

The dual receptivity phenomenon mentioned above in the wake can also be obtained in the mixing 
layer and quasi-step flow. The influence of forcing frequency /, amplitude A and Re on the receptivity 
in a mixing layer is similar to that in a wake and therefore will not be displayed here. The details will 
be given later in a corresponding publication. Here only the unusual receptivity phenomena about 
the center line bias of the mixing layer, counter-rotating primary vortex and A effect responding to 
the strong forcing will be discussed. 

10.1.2.1 Unusual phenomena Fig. 10.5 (side view) shows the influence of A under a fre- 
quency of 5.6 Hz for a mixing layer of U\ = 10 cm/s and U2 = 5 cm/s. The dynamical result of 
forcing is very interesting. As we know, the center line of a traditional mixing layer biases to the 
lower velocity side beyond the trailing edge. This is also true in Fig. 10.5a and Fig. 10.5b. In Fig. 
10.5a there is no forcing and in Fig. 10.5b the flow is forced and A is about 1%. The vortices are 
Kelvin-Helmholtz vortices. However, in Fig. 10.5c where A is about 5%, even though the center line 
of the mixing layer still biases to the low velocity side, the vortices at the beginning are almost not the 
pure Kelvin-Helmholtz vortices. This is in a critical point. That means there are two kinds vortices, 
and both vortices are counter-rotating similar to the Karman Vortex in a wake. One is very clearly 
visible and the other is still not. However in Fig. 10.5d where A is around 8%, the two kinds vortices 
are very clearly visible, and unusually the center line of the mixing layer does not bias to the low 
velocity side anymore. The visualized mixing layer is almost symmetrical to the trailing edge now. 
From this point, the primary spanwise vortex in the mixing layer is no longer a Kelvin-Helmholtz 
vortex with the increase of A, but a new kind counter-rotating vortex. When A is increased further to 
18%, the center line of the mixing layer begins to bias to the high velocity side as shown in Fig. 10. 5e 
and the counter-rotating vortex becomes more clear. When A is around 32%, Fig. 10.5f shows that, 
only the first counter-rotating vortex beyond the trailing edge is distinguished, and no large structure 
can be seen after x/D = 2. Finally, when A is about 52% as in Fig. 10.5g the disturbance is so 
strong that the flow has already become turbulence just downstream of the trailing edge due to the 
high receptivity, and no large structure can be seen just beyond the trailing edge because of the rapid 
relative turbulent mixing. The corresponding spread rate of the mixing layer seems to be about 180° 
for this situation. If the forcing is outside this narrow frequency-band, the receptivity will be very 
small or there may be no any receptivity at all even though the forcing amplitude is very high. 

No report has indicated that the center line of a mixing layer could bias to the high velocity side 
and there could be two counter-rotating vortices in a mixing layer. Its mechanism is still not clear. It 
is found that, the secondary vortices in this flow could play an important role for these two unusual 
phenomena (see later). Annular effect [94] may be the reason for the two counter-rotating vortices 
phenomenon. 

Very strong forcing results (not shown here) also show the influence of velocity ratio A effect under 
the new receptivity. Without forcing or with small forcing, the spread rate of mixing layer is increased 
with A. However, for strong forcing, the A has little influence, and the spread rate of the wake (A = 0) 
can even be a little higher than that of a mixing layer. This indicate that the wake is more sensitive 
to the strong forcing of the new receptivity. 

10.1.3 Quasi-step flow 

As in mixing layer, the phenomena found in the wake can also be observed in the quasi-step flow 
when the low velocity in the mixing layer is zero. Here the term "quasi-step flow" is used since the 
back-facing surface is not solid, but fluid. This is different from the traditional 2-D mixing layer, 
where the flow is a jet when the low velocity is zero. Fig. 10.6 (side view) shows the result with and 
without forcing in a quasi-step flow with U = 50 cm/s (U = 25 cm/s). It is found that compared with 
the unforced one in Fig. 10.6a, the forced one at / = 6 Hz and A = 15% has an apparent receptivity 
as shown in Fig. 10.6b, while the forced one at / = 11 Hz, and A = 15%. has a small receptivity as 
shown in Fig. 10.6c. It seems that the traditional receptivity is at / of around 11 Hz. 
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Figure 10.5: Influence of A with / = 5.6 Hz in a mixing layer of U\ = 10 cm/s and U2 = 5 
cm/s. 




Figure 10.6: Response to forcing in a quasi-step flow, a: no forcing; b: with forcing / = 6 Hz, 
A = 15%; c: with forcing / = 11 Hz, A = 15%. 



The phenomenon of center line bias of the mixing layer described above can also be observed in 
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the quasi-step flow. With strong forcing the separation region of the quasi-step flow can be much 
reduced due to the large spread angle just beyond the trailing edge. A example is shown in Fig. 10.7. 
The velocity Ui is 80 cm/s. Fig. 10.7a is the case without forcing and Fig. 10.7b with forcing at 
forcing amplitude 45% and frequency of 6 Hz. In Fig. 10.7a the bright region is the separation region, 
while in Fig. 10.7b the bright separation region disappears. This provides us with a new possibility 
to control the flow separation and the details of separation reduction will be given in a paper later. 



Figure 10.7: Side view of separation reduction under forcing in a quasi-step flow with U\ — 80 
cm/s. 



10.2 Secondary vortices 

In order to understand the mechanism of the dual receptivity, especially the new one, it is necessary to 
investigate the secondary vortices in the confined configuration. It should be clear first that in some 
cross view pictures, there is one sharp dark area, for instance in Fig. 10.10, or there are two sharp 
dark areas, for instance in Fig. 10.13f. This is due to the fact that the pipe wall can act as a lens and 
result in these dark areas. 

To make the secondary vortices more distinguished, forcing are used to excite them. The phe- 
nomenon of the secondary vortices could also be observed when the flow is without forcing. 

10.2.1 Wake 

We concentrate here on the wake, as most of its result is similar to that of mixing layer and quasi- 
step flow. Only the difference between the wake and mixing layer will be given when mixing layer is 
considered. 

10.2.1.1 Type There are actually many different secondary vortices in this flow, but the impor- 
tant ones are four symmetric vortices (even if it seems that there are, sometimes, only two vortices), 
i.e. two different type secondary vortices. Fig. 10.8 is a sketch of these vortices. The first two move 
toward the axis of the pipe in the spanwise (z-) direction and are named here as Type A Vortices; the 
other two move away from the axis of the pipe in the vertical (y-) direction and are named here as 
Type B Vortices. It is in some cases difficult to distinguish these two different kinds of vortices from 
one another through visualization. Some actual pictures can be seen in Fig. 10.9. The vortices in Fig. 
10.9a are the Type A Vortices. The Type B Vortices are clearly seen in Fig. 10.9b and Fig. 10.9c. 

Apart from these two main type vortices, there are also some different superharmonic secondary 
vortices that are, for example, demonstrated in Fig. 10.9b and Fig. 10.9c. In 10.9b, U = 1 cm/s, 
/ = 5.21 Hz, and x/D = 1. and in Fig. 10.9c where U = 10 cm/s and / = 5.48 Hz, x/D = 4. 
The vortices in 10.9b are so symmetric that they are very similar to the Tai-Chi symbol, a natural 
Tai-Chi symbol! With increase of the Re number and evolution downstream, the structures of the 
superharmonic secondary vortices become more complex. This can be seen in Fig. 10.9c. 
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Figure 10.8: A sketch of the main secondary vortices, a: Type A Vortices; b: Type B Vortices. 




Figure 10.9: Cross view of types of secondary vortices: a: U = 4 cm/s, / = 4.5 Hz, A = 15%, 
x/D = 0.1; b: £7 = 1 cm/s, / = 5.21 Hz, A = 25% x/D = 1; c: U = 10 cm/s, / = 5.48 Hz, 
A = 7% x/D = 4. 



10.2.1.2 Origin The disturbance from the forcing results in an impulse just at the trailing edge 
in vertical direction. This impulse will enhance the corner streamwise vorticity between the nozzle 
side wall and splitter plate due to the confinement. The streamwise vorticity would result in two 
secondary counter-rotating vortex pairs, i.e. Type A Vortices, just at the beginning of the wake (it 
may also induce the Type B Vortices directly but weaker than Type A Vortices). The Type A Vortices 
develop very fast at the initial stage depending on the forcing level. They could even meet at the 
axis of the pipe just at x/D — 0.2 (see Fig. 10.13). The disturbance also enhance the induction and 
development of the primary spanwise vortices, i.e. Karman vortex street (their axis is in spanwise 
direction) downstream of the trailing edge. The Type A Vortices and Karman vortex street, in turn, 
induce and strengthen the two Type B Vortices. They are all approximately symmetric in the vertical 
and spanwise direction and positively give impulse back to strengthen each other. Without forcing or 
with small forcing levels for small i?e, Type A Vortices are weak. For such a case the Type B Vortices 
axe mainly induced by spanwise vortex later. 

Fig. 10.10 shows a time series of pictures at the same x-position for different time with an equal 
time difference St of 0.04 s. The cross view shows the origin of the secondary vortices of a wake at 
x/D = 1, where U = 10 cm/s, / = 5.48 Hz, A = 7%. The impulse which is introduced by the forcing, 
can be distinguished in Fig. 10.10a. Such an impulse forces fluids in motion up and down in a vertical 
direction. Due the confinement of the wall, the forced fluids will turn to the sides in a counter-rotating 
direction symmetrically. When the fluids leave the splitter plate, it is easier for them to form the Type 
A Vortices, because Type A Vortices are much smaller at beginning than the Type B Vortices. This 
can be observed in Fig. 10.10a and Fig. 10.10b. Once two Type A Vortices are induced, they will, 
in turn, favor the induction of the two Type B Vortices which can be clearly seen in Fig. 10.10c and 
lO.lOd. The development of both kinds of secondary vortices will also enhance the amplification of 
primary spanwise vortices. Due to the periodic forcing, this process also proceeds periodically and 
can be seen from Fig. 10.10a to Fig. lO.lOf where a period is finished. This process emerges at once 
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when the fluids leave the trailing edge, which can be seen in 10.9a, where x/D = 0.1. 



a b 




Figure 10.10: Cross view to show the origin of the secondary vortices of a wake. U = 10 cm/s, 
/ = 5.48 Hz, x/D = 1, <ft = 0.04 s, A = 7%. 



10.2*1.3 Evolution Knowing the type and origin of the secondary vortices, we can better un- 
derstand the evolution of the vortices. The Type A Vortices first develop very fast towards the axis 
of the pipe until they reach an equilibrium. During this developing process, the Type B Vortices 

A Vortices, which give an impulse to the Type B Vortices; the other is due to the evolution of the 
primary spanwise vortex. As we know from instability theory, if the flow has the receptivity, the 
disturbance will amplify downstream and result in spanwise vortices. The amplification of spanwise 
structure will strengthen the Type B Vortices directly, which, in turn, enhance the development of 
the Type A Vortices due to the confinement of the wall. 

Such an evolution is shown in Fig. 10.11, where U = 4 cm/s, / = 4.9 Hz. A is around 20% at four 
different streamwise positions. In Fig. 10.11a, the Type A Vortices can be seen at the very beginning 
of the wake x/D = 0.1. These Type A Vortices amplify very fast at the beginning of the wake until 
they reach an equilibrium. They have already reached their equilibrium position, i.e. the axis of pipe 
even at x/D = 1 as shown in Fig. 10.11b. During this period, the Type B Vortices also develop their 
size. With the development of the Type A Vortices (which move towards the axis of the pipe) and the 
evolution of the primary vortex, the Type B Vortices are amplified in the vertical direction and the 
flow becomes three dimensional. This is shown in Fig. 10.11b. With further evolution downstream, 
only the Type B Vortices amplify. The Type A Vortices do not, because they have already reached the 
equilibrium. The amplification of the primary vortices, which directly induces the Type B Vortices 
later, takes a relatively long time. For these reasons, only the Type B Vortices are distinguished later 
in Fig. 10.11c, which indicates that the Type B Vortices have achieved their equilibrium state near 
x/D = 3. With further downstream, the no essential change could be observed as shown in Fig. 
10. lid. It seems that this flow provides with a favorable condition for heat transfer enhancement. 

A model for the Type A Vortices has been proposed by Roberts [89], which suggests that the 
velocity defect in the side wall is the reason for the origin of the Type A Vortices. However, this model 
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Figure 10.11: Evolution of secondary vortices (cross view). U = 4 cm/s, / = 4.9 Hz. A = 20%. 
a: x/D = 0.1; b: z/D = 1; c: x/D = 3; d: x/D = 7. 



can not explain some results in this experiment (see discussion). 

10.2.1.4 Characteristics 

10.2. 1.4.1 Symmetry The geometry of the dominate secondary vortices are approximately 
mirror symmetrical through the axis of vertical and horizontal planes. They can be seen in Fig. 10.9 
and Fig. 10.12. 

10.2.1.4.2 Geometry Usually the Type B Vortices are longer than the Type A Vortices at 
the beginning of the wake if the force level is not very strong. This is visible in Fig. 10.10b and Fig. 
10.10c. With the evolution downstream, the sizes of the Type A Vortices and Type B Vortices are 
approximately at the same order. This can be seen in Fig. 10.11b. At small forcing or small Reynolds 
number, the Type A Vortices are amplified weakly, so the Type B Vortices are longer than the Type 
A Vortices in the investigated region, i.e. x/D is not larger than 7. This is shown in Fig. 10.12, where 
U = 1 cm/s, / = 4.62 Hz, A = 10%. However, for strong forcing under the maximum receptivity 
frequency of the new receptivity mechanism, the Type A Vortices can reach the axis of the pipe at 
once after the trailing edge. This can be seen in Fig. 10.13f. 

10.2.1.5 Response to the forcing The dynamics of the secondary vortices, i.e. Type A 
Vortices and Type B Vortices is strongly related to the second receptivity mechanism under strong 
forcing. Fig. 10.13 shows the results at x/D = 0.2 for U = 7.5 cm/s with / = 5.6 Hz for different 
A values. Fig. 10.13a represents the unforced one and there are already the Type A Vortices but no 
the Type B Vortices. In Fig. 10.13b and Fig. 10.13c, the flow is forced with A around 1% and 2% 
respectively. There is no apparent change for either the Type A Vortices or Type B Vortices. As A 
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Figure 10.12: Cross view of the geometry of secondary vortices in a wake. U = 1 cm/s, / = 
4.62 Hz, A = 10%. For a, b and c x/D is 1, 4 and 7 respectively. 



is increased to around 7% as shown in Fig. 10.13d, the Type A Vortices are apparently amplified, 
both in size and propagating length, but there are still no the Type B Vortices here. However, in 
Fig. 10.13e, where A is around 30%, the Type A Vortices are greatly amplified, again in both size 
and propagating length because of the strong forcing. Due to the strong forcing and the development 
of the Type A Vortices, the Type B Vortices can now be observed too. Finally when A is about 60% 
in Fig. 10.13f, the forcing is so strong that the Type A Vortices have already reached the axis of the 
pipe and the Type B Vortices reach the wall of the pipe; the flow is so strongly disturbed that no clear 
Type A Vortices and Type B Vortices can be distinguished. 



a. b 



f 



Figure 10.13: Secondary vortices under forcing with different A values in a wake. 
10.2.2 Mixing layer 

The above mentioned results for secondary vortices in a wake can also be obtained in a mixing layer. 
Here only the results showing the difference between the mixing layer to the wake will be discussed. 
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As mentioned for dual receptivity, the mixing layer displays the unusual bias and two counter- 
rotating vortices under strong forcing. These phenomena axe related to the secondary vortices, which 
are shown below. 

Fig. 10.14 displays the responses of the Type A Vortices and Type B Vortices to the forcing in 
a mixing layer, where U\ and U2 are 10 and 5 cm/s respectively under / = 5.6 Hz at x/D = 0.2 for 
different A. The flows here are under the same conditions as in Fig. 10.5. The unforced situation is 
shown in Fig. 10.14a. The Type A Vortices here are different from that of the wake, and so are the 
Type B Vortices. The Type A Vortices are not symmetric to the horizontal plane passing through the 
pipe axis, but are symmetric to the vertical one. The vortices of high velocity side are much smaller 
than that of low velocity side, so only the vortices of high velocity side are clearly seen, and the 
vortices of high velocity side are almost invisible. The fluid of the low velocity side moves to the high 
velocity side along the pipe wall and this show again a new secondary vortex. Fig. 10.14b shows the 
case with forcing A of about 1%. No essential difference for Type A Vortices can be observed between 
Fig. 10.14a and Fig. 10.14b. However, in Fig. 10.14c, where A is about 6%, the Type A Vortices are 
apparently amplified, and are again similar to their corresponding ones in the wake, i.e. the vortices 
of the counter-rotating vortex pairs from the high and low velocity side in each corner of the trailing 
edge, have nearly the same size. It is interesting that this situation corresponds to the case where the 
other kind counter-rotating vortex pairs in the side view of Fig. 10.5c begins to appear. This means 
that these two kinds counter-rotating vortices would occur under almost the same conditions and they 
could also be correlated to each other. The reason is that, the wake effect will play a dominating role 
for a mixing layer when the forcing is sufficiently strong. There are also the Type B Vortices here 
which are approximately two times wider than the Type A Vortices. 

When the forcing A is increased to 8% as shown in Fig. 10.14d, the Type A Vortices do not 
propagate to the axis of the pipe, but at an angle to the high velocity side. Under the same conditions, 
the center line of the mixing layer in Fig. 10. 5d begins not to bias to the low velocity side. This would 
be reason why the center line of the mixing layer does not bias to the low velocity side under strong 
forcing. In Fig. 10.14e, A is about 18%, the angle is increased and the mixing layer is biased to the 
high velocity side. The size of the Type A Vortices is larger than that in Fig. 10.14d. With further 
increase of A to around 32%, the Type A Vortices and Type B Vortices are further increased as shown 
in Fig. 10.14f and the difference between the size of these two vortices becomes smaller. Until A 
is around 52%, the forcing is so strong, that the Type A Vortices and Type B Vortices are rapidly 
amplified. The flow is strongly disturbed and becomes turbulence without any visible transitional 
process and thus no large structures of the Type A Vortices and Type B Vortices can be observed. 

The evolution of the secondary vortices without and with forcing in the mixing layer, where U\ 
and U2 are 9 and 6 cm/s respectively, is shown in Fig. 10.15 and Fig. 10.16. In Fig. 10.15a and Fig. 
10.15b, where x/D are 0.2 and 1 respectively, the Type A Vortices can be observed. Interesting is that 
the Type A Vortices are also counter-rotating vortex pairs in the mixing layer, although the vortex 
size in the high velocity side is much smaller than that in low one. During the evolution process, 
the high velocity fluid moves to the low velocity side in the center region of the pipe, while the low 
velocity side fluid moves to the high velocity side along the wall. Thus the Type A Vortices are also 
convected to the high velocity side as shown in Fig. 10.15c. and Fig. 10.15d where x/D are 2 and 
4 respectively. The Type A Vortices keep their form during their evolution in the investigated range 
of x/D. For the forced one, / is 5.6 Hz and A is about 6%, the Type A Vortices are similar to those 
in a wake as shown in Fig. 10.16a (x/D = 0.2) and Fig. 10.16b {x/D = 1). Further downstream, 
the Type A Vortices develop very fast and almost reach to the axis of the pipe, which can be seen in 
Fig. 10.16c and Fig. 10.16d. A comparison of Fig. 10.15 and Fig. 10.16 indicates that the Type A 
Vortices are dramatically enhanced and amplified under forcing. 

Another important phenomenon is that the Type A Vortices amplif y very fa st with stron g forcing 
only under a special receptivity mechanism, i.e. the new receptivity mechanism, when Re is not 
small. Under traditional receptivity, the amplification of Type A Vortices is not so rapid. This can be 
observed in Fig. 10.17, where Ui = 30 cm/s, U 2 = 20 cm/s. In Fig. 10.17a (x/D = 0.2) , Fig. 10.17b 
(x/D = 1) and Fig. 10.17c (x/D = 2), the forcing is under the new receptivity mechanism, i.e. / is 
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6 Hz, while Fig. 10.17d (x/D = 0.2), Fig. 10.17e (x/D = 1) and Fig. 10.17f (x/D = 2) represent the 
forcing result under the traditional receptivity mechanism, i.e. / is 16 Hz. In the initial x-position, 
Fig. 10.17a and Fig. 10.17d show little difference. However, with the evolution, in Fig. 10.17e and 
Fig. 10.17f, the Type A Vortices propagate and amplify little, while in Fig. 10.17b and Fig. 10.17c, 
the Type A Vortices propagate and amplify much faster. Both have the same A value around 8%. 
The result indicates that under the traditional receptivity mechanism, the Type A Vortices develop 
much more slowly than under the new receptivity mechanism. 

10.2.3 Quasi-step flow 

The results of the secondary vortices in the quasi-step flow are qualitatively similar to that of the 
mixing layer. Details will be given later in a corresponding publication. 

10.3 Sudden transition 

It is found that the forcing, which leads to the sudden transition, depends on the receptivity mecha- 
nism, forcing frequency and forcing amplitude. 
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Figure 10.15: Evolution of the secondary vortices in a mixing layer without forcing. U\ = 9 
cm/s, U2 = 6 cm/s. For a, b, c and d the x/D are 0.2, 1, 2 and 4 respectively. 




Figure 10.16: Evolution of the secondary vortices in a mixing layer with forcing. U\ = 9 cm/s, 
£7 2 = 6 cm/s, / is 5.6 Hz, A is around 6% . For a, b, c and d the x/D are 0.2, 1, 2 and 4 
respectively. 

10.3.1 Mixing layer 

Fig. 10.18 and Fig. 10.19 show the forcing results for two different forcing frequencies under different 
forcing amplitudes. The frequency / in Fig. 10.18 and Fig. 10.19 is 6 and 16 Hz respectively. For 
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Figure 10.17: Comparison for different receptivity mechanism through secondary vortices. 



the both cases, U\ = 30 cm/s and U2 = 20 cm/s. The visualization results show that under these two 
frequencies, the flow receives its maximum receptivity. However, the flow transition results are quite 
different for these two / values even though the forcing A values axe the same under some conditions. 
There is no forcing in Fig. 10.19a and the flow at the beginning of the mixing layer is laminar. The 
forcing A from Fig. 10.19b to Fig. 10.19e is around 1%, 16%, 45% and 55% respectively. In Fig. 
10.19, no sudden transition can be obtained even if A in Fig. 10.19e is about 55%. However, in 

.Eig.„10,18_the_transition_residt_is_quite_different.__Eig 10.18aJs-the_same_flow_as-.Eig 10.19a,_i.e.- 

without forcing. From Fig. 10.18b to Fig. 10.18d, the value of A is increased to around 1%, 7%, 16% 
respectively. The flow seems to transit to turbulence earlier downstream as the value of A increases, 
but is still laminar at the beginning of the mixing layer, while in Fig. 10.18e where A is about 45%, it 
becomes turbulence immediately downstream from the trailing edge, i.e. the transition from laminar 
to turbulence takes place suddenly. Such a sudden transition becomes even stronger in Fig. 10.18f 
with the value of A about 55%. Here no bifurcation leading to turbulence can be observed. 

The results of Fig. 10.19 and Fig. 10.18 indicate that the sudden transition to turbulence is 
related to the receptivity mechanism of forcing, i.e. the instability mechanism. Even though the flow 
is unstable to the external disturbance under traditional receptivity mechanism, it can not result in 
the sudden transition as in the case of Fig. 10.19, where the forcing level A is very high. However, 
if the flow has a strong receptivity, its instability mechanism to an external disturbance can result in 
the sudden transition under strong forcing as shown in Fig. 10.18. 

In the side view of Fig. 10.5, the sudden transition produces a similar result to the transition 
in Fig. 10.18 here. Considering together Fig. 10.5 and its corresponding cross view of Fig. 10.14, 
one can suggests that the new kind primary counter-rotating vortex, the secondary vortices (Type A 
Vortices and Type B Vortices) and the interaction among these three kinds vortices are the reason 
for the sudden transition. The interaction strongly depends on the forcing mechanism, i.e. / and 
the forcing level A. The forcing level A must, for a given frequency, be sufficient high to cause the 
interaction, which, in turn, causes the sudden transition. 
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Figure 10.18: Sudden transition under strong forcing with / being 6 Hz. U\ = 30 cm/s and U 2 
= 20 cm/s. 




Figure 10.19: No sudden transition with strong forcing under / being 16 Hz. U x = 30 cm/s 
and U 2 — 20 cm/s. 
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10.3.2 Wake 



The above mentioned sudden transition in a mixing layer can also be observed in a plane wake, as the 
dual receptivity can be obtained in both mixing layer and wake. The results can be seen in Fig. 10.2 
and will not be discussed here. 

The visualization results also indicate that with the increase of the initial Reynolds number, the 
forcing level needed to cause the sudden transition decreases with the Reynolds number. The velocity 
ratio A has a weak effect on sudden transition. 

10.4 Symmetry breaking hysteresis phenomenon 

10.4.1 Phenomenon 

In Fig. 10.1 where A is around 10%, the wake is normal and is symmetric to the splitter plate. In 
Fig. 10.5a and Fig. 10.14a of a mixing layer, where no forcing is supplied, the flow biases to the low 
velocity side as usual, while in Fig. 10. 5e and Fig. 10.14e, the mixing layer biases to the high velocity 
side where the forcing amplitude is very high and around 18%. All these results indicate that for the 
strong forcing, the wake is symmetric, while the mixing layer has an asymmetric shear layer and biases 
to the high velocity side. However, here there is another very interesting phenomenon. 

The visualization shows following results for a wake with U = 4 cm/s under strong forcing with 
/ being 6 Hz. At small forcing levels, the visualized wake is symmetric with a clear Karman vortex 
street. With the continuous increase in A, the Karman vortex street becomes larger in the near field 
keeping its symmetry. However, when the value of A is high enough at around 50%, i.e. achieves 
the sudden transition to turbulence, it is found that the wake suddenly becomes asymmetric and the 
highly churned up side of the wake biases to one side of the splitter plate (to which side it biases is a 
random process, and let us consider, for example, U\ side here). At this state, the flow in the biased 
side is much more strongly disturbed than that in the other side (U2 side). As we have known, for 
a mixing layer, the shear layer will bias to the high velocity side when the forcing is strong enough. 
Now we can postulate that it would be possible that the velocity U\ of the biased side could be higher 
than U2 of the other side even if the difference is very small due to the experimental error. Therefore 
the U2 should, now, be increased very slowly in order to realize a symmetric wake. When the U2 is 
increased to , for example, 4.5 cm /s, i.e. U 2 is a p parently lar g er than U -\ , it is found that the bias of the 
wake does not change. Only when {7 2 is increased to around 5 cm/s, will the highly churned up side 
of the wake suddenly bias to U2 side and no symmetric wake can be obtained. Now if we decrease U2 
to 4 cm/s, the bias is still in the U2 side. Only when U2 is decreased to around 2.8 cm/s, will the bias 
again change to the U\ side suddenly. Many trials have be done to keep the difference of (U\ — U2) as 
small as possible, but they fail to obtain a symmetric wake when the sudden transition to turbulence 
was achieved. This phenomenon is called a symmetry breaking hysteresis phenomenon here. 

It is difficult to show such a bias phenomenon using a static picture. Therefore no picture is shown 
here for the hysteresis phenomenon. However, it can be shown by using a video or quantitative vector 
or scalar measurements. 

10.4.2 Relation to concentration distribution 

Now it is the time to recall the results of the quantitative concentration measurements in part 1. If 
the wake is symmetric, the turbulent statistical results of concentration measurement should also be 
symmetric to the splitter plate in the y-direction. However, as mentioned earlier, when the forcing 
is strong enough to achieve the sudden transition, the highly churned up wake will demonstrate a 
random bias to one side of the splitter plate. Under this bias condition, the fluids on the biased side 
are more strongly stirred and move faster than on the other side. The ideal relative turbulent mixing 
process mentioned in part 1 is actually related to the sudden transition process described above, i.e. 
the sudden transition is a necessary condition for the ideal relative turbulent mixing process to be 
realized. This is why Fig. 5.21, Fig. 5.22, Fig. 5.23 and Fig. 5.24 show that the mixing results are 
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different and asymmetric in the y-direction, i.e. they are not symmetric to the splitter plate in the 
transverse direction, due to the symmetry breaking hysteresis phenomenon. 

It is also observed that such a symmetry breaking hysteresis weakens as the Reynolds number 
increases. This can be proved by the comparison of Fig. 5.22 and Fig. 5.3, whose U is 1 cm/s and 40 
cm/s respectively. The asymmetric of concentration variance in Fig. 5.22 is stronger than in Fig. 5.3. 

The symmetry breaking hysteresis phenomenon here indicates that the symmetric wake is a quasi- 
stable state under very strong forcing. This hysteresis is clearly related to the new receptivity mecha- 
nism mentioned above. Under other forcing frequencies, no such symmetry breaking hysteresis could 
be observed. 

10.5 Pairing burst 

The pairing burst is influenced by some parameters: the velocity ratio A, the initial Reynolds number, 
temporal periodic forcing and so on, which are described as follows. 

10.5.1 Where does pairing burst happen 

It is found that the pairing burst is not apparent if the pairing happens relatively far away from the 
wall. Only when the pairing happens near the wall, the pairing burst will appear. Fig. 10.20 shows 
the case where U\ = 12 cm/s, Uz = 8 cm/s. The four pictures are in a time series with time difference 
between each one St = 0.28 s. We are concerned with the arrows showing the vortices. In Fig. 10.20a, 
we can see the two vortices, which are pairing. Fig. 10.20b shows the moment just before paring 
is completed. In Fig. 10.20c they have already paired. From Fig. 10.20d, it can be seen that the 
shear layer of the amalgamated vortex is still linearly spreading in the y-direction, i.e. no apparently 
ejection of the amalgamated vortex happens. This means that, there is pairing but no apparent burst. 
Fig. 10.20 is the critical situation between the situation of with and without the pairing burst. In 
Fig. 10.21, however, where A is increased, U\ = 16 cm/s, U 2 = 4 cm/s, St is 0.08 s, we can see a 
different phenomenon. Fig. 10.21a shows that two vortices are pairing at a nearer wall region and in 
a more sweep-like way compared with Fig. 10.20. At this point the vortices have began to eject. In 
Fig. 10.21b, the two vortices are just paired, and at the same time, the amalgamated vortex ejects 
apparently from near wall region to the center of pipe in a burst-like way. Here we can see that the 
spread rate of the mixing layer is greatly increased. Fig. 10.21c is the continuation of the process in 
Fig. 10.21b. Fig. 10.21d shows the end of this process where the mixing is increased. The process 
from Fig. 10.21a to Fig. 10.21c is called "pairing burst". The difference in the pairing burst point of 
view between Fig. 10.20 and Fig. 10.21 is obvious. 

10.5.2 Velocity ratio A effect 

The observation show here that for a given initial Reynolds number Reg = X) 01,2*7/^, A must be 
larger than a critical value A c , so that the pairing burst can happen. The larger A is, the stronger 
pairing burst. The word "strong" here is just a qualitative description and means that it happens 
more frequently (for the same U), and the vortex ejects to a greater distance from the wall. The above 
mentioned Fig. 10.20 and Fig. 10.21 are two situations with the same EJ7 = 20 cm/s, but different A. 
The A of Fig. 10.20 and Fig. 10.21 are 0.2 and 0.6 respectively. From the above mentioned findings, 
it is clear that Fig. 10.21 has much stronger pairing burst than Fig. 10.20. Further observation finds 
that, with the increase of Reg, the A c will decrease, from which pairing burst can emerge. Fig. 10.22 
shows the relationship between A c and Reg. It is revealed that, at low Reg, A c decrease with Reg very 
fast. However, with relatively high Reg, A c decrease slowly with the increase of Reg. 

It can also be said, that at a given A, there is a critical Reg, over which pairing burst can occur. If 
the Reg is small, pairing burst is still very weak, even if A is very large. This is showed in Fig. 10.23, 
where A is 1 and U\ is 8 cm/s with St = 0.16 s. This is a quasi-step flow, where U2 is zero. However, 
if Reg is large enough, there is pairing burst in the quasi-step flow as shown in Fig. 10.24 where U\ is 
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Figure 10.20: Pairing burst is not apparent in a mixing layer where U x and U 2 are 12 cm/s and 
8 cm/s respectively. 




Figure 10.21: Pairing burst is apparent in a mixing layer where Ui and U 2 are 16 cm/s and 4 
cm/s respectively. 



12 cm/s with St = 0.12 s. That means there is also pairing burst in a quasi-step flow. The higher Re 
is, the stronger pairing burst is. 

10.5.3 The influence of initial Re e 

The pairing burst will be strengthened as Re $ is increased. Fig. 10.25 and Fig. 10.26 show the 
situations with the same A, but different initial Re#. In Fig. 10.25, U\ = 24 cm/s, U 2 = 16 cm/s. A = 
0.2, St = 0.12 s, and in Fig. 10.26, Ui = 36 cm/s, U 2 = 24 cm/s, A = 0.2, St = 0.08 s. The difference 
is apparent compared to the pairing burst process in Fig. 10.25 and Fig. 10.26, the pairing burst in 
Fig. 10.26 is stronger than in Fig. 10.25. 
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Figure 10.22: Relationship between A c and Re e . 




Figure 10.23: No pairing burst for small Re e in a quasi-step flow. 



10. 5.4 Forcing influence 

Temporal periodic forcing can under some conditions influence the pairing burst, i.e. either enhance 
or weaken the pairing burst. Fig. 10.27 shows the case without forcing where U\ = 15 cm/s, U 2 = 
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Figure 10.24: There is pairing burst in a quasi-step flow. 




Figure 10.25: Pairing burst in a mixing layer with U\ = 24 cm/s, — 16 cm/s. A = 0.2 and 
St = 0.12 s. 



3 cm/s, St is 0.16 s, while Fig. 10.28 shows the enhancement case with forcing for the same flow as 
shown in Fig. 10.28 and its St is 0.12 s, / is 3.2 Hz and A is around 5%. Both are three sheets, i.e. 3-D 
views. From the side views (middle one) of Fig. 10.27, the pairing is clearly visible, but the ejection 
is relatively weak, while Fig. 10.28 clearly displays a forced-vortices pairing burst. The amalgamated 
vortex ejection is obviously enhanced and occurs earlier under this forcing condition than unforced 
one. That means forcing not only strengthens the pairing burst, but also makes it happen earlier. 

Fig. 10.29, on the other hand, presents a result of weakening the pairing burst. Here U\ = 16 
cm/s, V% = 4 cm/s, St is 0.16 s, / = 5 Hz and A is around 2%. Its unforced case is shown in Fig. 10.21 
where there is an apparent pairing burst. However, the turbulent mixing under forcing is apparently 
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Figure 10.26: Pairing burst in a mixing layer with U 1 = 36 cm/s, U 2 = 24 cm/s, A = 0.2 and 
6t = 0.08 s. 





Figure 10.27: No forcing with the weak pairing burst. 



enhanced in comparison between Fig. 10.21 and Fig. 10.29. This indicates that, although the pairing 
burst can enhance turbulent mixing, the turbulent mixing can be even stronger without pairing burst 
than with pairing burst in some case. 

10.5.5 Three dimensional pairing burst 

Since this is a 3-D mixing layer, the pairing burst happens three dimensionally. This means, it can 
also be distinguished in the plan view. The pairing burst in plan views are also shown in Fig. 10.27 
and Fig. 10.28. The plan view in Fig. 10.27a shows the two vortices which are going to pair. Its 
corresponding three dimensional vortices are also visible in the side view. In Fig. 10.27b the two 
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Figure 10.29: Pairing burst is weakened through forcing. 



vortices in plan view have already paired, and the pairing burst can also been distinguished. The 
corresponding two vortices in side view have, however, still not paired. The pairing burst in the side 
view happens in Fig. 10.27c and continues until Fig. 10.27d. The pairing burst in plan view also 
continues until Fig. 10.27d, where they are coincident with their corresponding parts of the spanwise 
view in almost the same streamwise position. This process means that the pairing burst in plan view 
appears earlier than the corresponding pairing burst in the spanwise view, due to the fact that they 
are more close to the wall than the corresponding pairing burst in the spanwise view. However they 
are on topology the same vortices, therefore they end such a kinematic process at almost the same 
streamwise position. The similar phenomenon can more clearly been seen in Fig. 10.28, where the 
flow is under strong forcing. There is, a little difference. The pairing bursts from both the side and 
plan view emerge at almost the same x-position under strong forcing. The result indicates that the 
forcing strengthens the whole 3-D pairing burst. 

10.5.6 Re in the confined mixing layer 

An important question is: what is the Reynolds number for the pairing burst in this 3-D mixing layer, 
i.e. what is the characteristic length and velocity? For a traditional 2-D mixing layer, the initial 
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momentum thickness is usually used as the characteristic length and AC/ is used as the characteristic 
velocity since it is the potential of the shear layer. However, in the confined mixing layer, it is 
found that the average U could be the characteristic velocity for the pairing burst in the investigated 
Reynolds number range. This can be explained in Fig. 10.30 and Fig. 10.31. In Fig. 10.30, U\ = 17.5 
cm/s, U 2 = 1.5 cm/s, A = 0.84, St = 0.2 s, and in Fig. 10.31, Ui = 25 cm/s, U 2 = 9 cm/s, A = 0.47, 
St = 0.16 s. As far as A is concerned, the pairing burst in Fig. 10.30 should be stronger than that in 
Fig. 10.31, but actually the pairing burst is stronger in Fig. 10.31 than in Fig. 10.30. If AU is used 
as the characteristic velocity, the initial Re of Fig. 10.31 is smaller than that of Fig. 10.30, since the 
AU is the same for the two cases and the initial momentum is higher in Fig. 10.30 than in Fig. 10.31. 
If E17 is used as the characteristic velocity, however, the initial Re in Fig. 10.31 is larger than that in 
Fig. 10.30. Therefore the TXJ should be used as the characteristic velocity, at least when Re is within 
the range of this experiment. 




Figure 10.30: Pairing burst is relatively weak when U\ and U 2 is 17.5 and 1.5 cm/s respectively. 
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11 Discussion 



11.1 Dual receptivity 

11.1.1 Relation to secondary vortices 

Now we can discuss the mechanism of the receptivity in the confined wakes. As mentioned above, the 
first one corresponds to the traditional 2-D plane wakes and will not be discussed here. 

The visualization results indicate that the new receptivity is related to the secondary vortices, i.e. 
Type A Vortices and Type B Vortices. Firstly, to get fast amplification of type A vortices and the new 
(second) receptivity, the forcing level should be high enough as shown in Fig. 10.13, Fig. 10.16 and 
Fig. 10.3. Secondly, the large forcing can enhance the development of the Type A Vortices and Type 
B Vortices because of the wall confinement. These two kinds vortices impulse each other, and enhance 
the amplification of primary vortices. Due to the fast development and strong amplification of the 
Type A Vortices in the initial period shown in Fig. 10.17, the second receptivity is much stronger 
than the traditional (first) one. Consequently this 3-D wakes have much stronger receptivity than its 
corresponding 2-D ones. This is the reason for the rapid mixing enhancement and the fundamental 
of the realization of the ideal relative turbulent mixing process investigated in part 1. Thirdly, the 
reason of why the value of f 2 max is constant, appears to be related to the secondary vortices too. If 
the Type A Vortices are the initial vortices which cause the large second receptivity, the Strouhal 
number St should be related with the convection velocity in the direction, where the Type A Vortices 
amplify. However, since there is no convection velocity in the spanwise direction, i.e., the convection 
velocity has a zero decomposition in this direction, jimax is not scaled with U . That why fomax is 
around 6 Hz is still open, it may depend on the geometry, the size of the channel, and the inlet initial 
conditions. Interesting is that in the work of Mackinnon & Koochesfahani [69] they also use 6 Hz 
where the geometry is different from here. 

It seems that the 6 Hz is not the resonance frequency of the water channel. Two experiment results 
can be used to prove it. First, the actuator forces at 6 Hz with the fluid at rest, and no vibration 
of the water channel can be observed. Second, when the flow with the velocity in the experimental 
range is forced in the frequency range of 37 ~ 40 Hz, the water channel begins to vibrate with some 
acoustic noise. This means the system resonance frequency of the water channel would be in the range 
of about 37 ~ 40 Hz. 

Although the wall has strong influence in this flow, it is also distinguishable from Tollmien- 
Schlichting wave mechanism, which is often the main reason for boundary turbulent flow receptivity. 
It should be mentioned here that the confined plane wake is a 3-D flow and more complicated than 
its corresponding 2-D wake. 

Finally, it is needed to mention that no matter if the mechanism of the new receptivity is clear or 
not, one thing is already clear: the large receptivity and thereby the resulted in extraordinary rapid 
mixing is very attractive for mixing enhancement of mixers, reactors and combustion in industry. One 
of the related application topic is referred to Wang [112]. 

11.1.2 High receptivity 

The papers of Liu & Merkine [68], Alper k Liu [2] and Gatski & Liu [43] using energy integral methods 
indicate that, a large energy transfer from the mean flow to the fine-scale motion as the large-scale 
disturbance reaches a maximum. For the strongest forcing of the new receptivity mechanism, the 
small-scale is achieved extraordinarily fast as e.g. shown in Fig. 5.20 and Fig. 10.5. This indicates 
that large-scale disturbance could reach a maximum value in a very short downstream distance from 
the trailin g edge, and thus, a very high receptivity in the confined configuration. 
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11.1.3 Qualitative amplification curves with Re 

From Michalke's work [71], it is known that inviscid instability can be applied to the free shear 
layer. The theoretical prediction of disturbance amplification indicates that there is only one Strouhal 
number St, at which the flow has maximum spatial amplification rate. This St is a constant and 
independent of Re for a given flow. In other word, if the dimensional frequency is used instead of 
St, the traditional instability theory will show that the frequency, which corresponds to maximum 
amplification rate, is scaled with the average convection velocity U. Wygnanski et al [121] showed 
that the inviscid linear instability could also be used in a plane wake. However, in this confined plane 
wakes, it is found that, except the traditionally one, there is also another St corresponding to the 
maximum amplification rate of the second (new) receptivity, which is related to the Re or U (Re is 
increased through the increase of U). Its corresponding dimensional frequency / is a constant. In 
this viewpoint, the result here extends the scope of classical theory. Fig. 11.1 gives a diagram to 
qualitatively describe the extended result of this instability mechanism, at least to show the influence 
of the wall on the instability. Fig. 11.1a uses dimensional frequency and Fig. 11.1b dimensionless St. 

The large disturbance used here for the new receptivity may cause the flow to be a unsteady one 
and therefore the new receptivity could be related to the instability mechanism of a unsteady flow, 
which may has a high receptivity, as first suggested by Zhou [122]. 

11.1.4 No universal spread rate 

Many different results shown here are different from that of the traditional 2-D free shear layer. This 
indicates that the wall effect on the flow is very strong, especially under forcing. Usually it is thought 
that, the 2-D spanwise structures are the main reason for the entrainment (and thereby the spread 
rate of the shear layer), e.g. [16]. Winant & Browand [120] thought that, the pairing is important 
for the growth of the shear layer. However, Some others, e.g. [47] [37] pointed out that the pairing 
process was not the only mode of growth of the shear layer, and that most entrainment is achieved 
during the normal life of the large spanwise vortex structures, but not during the pairing. Lasheras et 
al. [66] found that, the streamwise vortices also contribute to a substantial part of the entrainment, 
i.e. the spread rate. 

The visualization results shown in this work indicate that without forcing, the pairing has more 
_rontributionJ_^^ 

with strong forcing, the pairing plays no role for the spread, but both the primary spanwise and the 
secondary vortices during their normal life, and the effect of secondary vortices on the spread rate 
increase with the forcing level. 

Due to the published common and limited range of the spread rate in mixing layers, Browand and 
Ho [15] proposed a universal spread rate for mixing layers, which also includes forced flow situations. 
Dimotakis [30] remarked that there was a rather large spread of values in the spread rate of mixing 
layer, and it was even not clear whether the inequality bounds represented the actual limiting values. 
Normally, in a 2-D mixing layer, the spread angle at the beginning is no larger than 30° when forcing is 
applied, and the half- velocity isotach is moved slightly to the lower velocity side. In this investigation, 
it is found that for some different forcing amplitudes and frequencies, this isotach can not only keep 
symmetric to the trailing edge (i.e. not bias to the low velocity side), but also even bias to the higher 
velocity side, where the spread angles exceed 30° by far and even can reach to 180° (the limitation). 
Therefore it seems that there is no universal spread regime. This strong deviation from known cases 
might be related to wall effects, secondary vortices, and in particular to the new receptivity mechanism. 

11.1.5 Small scale and mixing transition 

When the mixing layers are initially laminar, they become eventually turbulent in a process know 
as the small-scale transition. For scalar mixing, Konrad (1976) proposed a concept called "mixing 
transition" , which takes place at downstream position, where the molecular "mixedness" of scalar 
increases sharply [61] [9] [62]. It is speculated that, from the results of, e.g. Jimenez et al. [54] and 
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Figure 11.1: Sketch of qualitative amplification rate with Reynolds number. 



[51], the large strain rates that result from the coalescence of the orderly structures are responsible 
for the generation of small-scale eddies [50] and [91]. 

However, under the strong forcing of the new receptivity mechanism, no spanwise rolls and coa- 
lescence in the shear layers for the entrainment and small-scale transition can be observed as shown 
in Fig. 10.5d-g . This is because under strong forcing, the secondary develops very fast, and the 
momentum transfer between the two streams are very high, the strain rate will not be very high. This 
is again a fact that shows the different mechanism of the new receptivity from the traditional one. 

11.1.6 Influence of non-linearity and 3-D on amplification 

Squire theorem [101] tells us that, the 3-D flow has a smaller amplification than its corresponding 
2-D flow. Wall usually makes a flow more stable, since near the wall the viscosity has more influence 
to decay the disturbance than in a wall-free shear flow. In the shear layer, the disturbance amplifies 
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first to a certain range, where the non-linearity will dominate, and this non-linearity often hinders 
the amplification of the disturbance. Based on these viewpoints, the receptivity in the confined wakes 
ought to be smaller than its corresponding 2-D wakes. However, the experiment results of this work, 
in contrast, tell us that, the receptivity in a confined plane wakes in a pipe is stronger than in the 2-D 
wakes. This implies that the wall has two effects. On the one hand, it makes the flow more stable 
in response to the external disturbance; on the other hand, the confinement of the wall facilitates the 
Type A Vortices and Type B Vortices, which, in turn, increase the receptivity of the flow. 

11.1.7 Receptivity capacity 

Traditionally the receptivity can be described through the amplification rate in a spatial or temporal 
mode. The larger the amplification rate is, the stronger the receptivity is. The concept was first used 
for transition from laminar to turbulence in aerodynamics. However in some processes concerning the 
control of mixing, noise, and combustion instability, such a criterion is sometimes not sufficient to 
describe the processes. For example, the coherent velocity component u is an important quantity. If 
the value of coherent velocity component u is large in the initial stage, the relative turbulent mixing 
will be stronger. The fluids will then be more homogeneous for mixing in combustion and reaction 
flow in a reactor (especially for the whole flow field), and the combustion will be more stable and the 
noise can be smaller. When the initial u is small, u will not be large in a limited developing space even 
if the spatial amplification rate -a* is large. If the flow can accept large external disturbance, that 
means, u is large even at the beginning of the shear layer, and if is also large, a much larger u 
can be obtained even in a limited initial developing distance. In such a case, a new criterion should be 
used for receptivity. It can be the product of disturbance u and amplification rate -a*, i.e. -ajfi, for 
instance, in a spatial mode. We can first call it "receptivity capacity". According to the experimental 
results, it can be seen, the above mentioned new receptivity has a larger receptivity capacity than 
the traditional one. The higher the forcing amplitude, the larger the receptivity capacity of the new 
receptivity mechanism as compared to the traditional one. 

11.1.8 Mixing receptivity 

Receptivity concept is used for the amplification of velocity disturbance as mentioned above. On the 
-one-hand-the-visualizati^ 

a new receptivity mechanism and its receptivity (or receptivity capacity) is much stronger than the 
traditional one, especially for the high forcing amplitude. On the other hand, the visualization in this 
part and quantitative scalar measurement in part 1 have already quantitatively shown the response 
of scalar mixing to the initial external forcing. A corresponding concept of "mixing receptivity" is 
therefore proposed to describe this phenomenon, i.e. the receptivity of a flow to an external forcing for 
the mixing enhancement. The parameters used to describe the mixing receptivity for vector can be the 
amplification rate and receptivity capacity, since they are related to momentum, energy and vorticity 
mixing. The parameters used to describe the mixing receptivity for scalar can be those used in part 
1, e.g. the relative mixing rate, the variance, pdf and psd of scalar. It describes how a flow accept the 
external disturbance to change its mixing property. The result in Fig. 10.2, shows that the mixing 
receptivity for the new receptivity mechanism is much stronger than the traditional one. This provides 
us with a new way of controlling the turbulent mixing to achieve the ideal relative turbulent mixing 
process and state proposed in part 1. Therefore the concept of the ideal relative turbulent mixing 
process and state propose a goal for turbulent mixing control and the mixing receptivity mechanism 
here provides a way to achieve the aim, and thus a new system for the mixing study and mixing 
control is established. 

11.1.9 Difference from mechanical stirring 

It is worth mentioning that the second receptivity here is not simply just a result of a large disturbance 
or mechanical stirring, and therefore is not of interest of studying receptivity. It is a phenomenon of 
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receptivity, since only when the disturbance is in the narrow frequency band, there is the receptivity. 
If the disturbance is not in the narrow band, there is no receptivity at all even though the disturbance 
can be larger at a high frequency. This is the important difference between the confined configuration 
here and the agitated tank used in chemical engineering, where the higher the rotation of the turbine 
impeller is, the stronger the mixing is. 

11.1.10 Philosophy on control 

Traditionally the philosophy of control is that a small disturbance produces a large effect like Tai-Chi- 
Chuan principle: use only 0.2 kg to move 500 kg. In fluid mechanics, a small initial disturbance is 
introduced to the flow to expect a large effect, e.g. mixing augmentation. It is fine if this is possible 
and sufficient for the practical requirement. Unfortunately the coherent velocity component u due 
to disturbance amplification with a small initial disturbance is, in many cases, not large enough, for 
instance, for mixing dominating processes, since rapid mixing process needs first large u to achieve 
macromixing and then to develop from large to small scale as discussed above. For mixing dominating 
processes, a new concept of ideal relative turbulent mixing process has been proposed in part 1, 
which can be used for turbulent mixing criteria. For such a process, the traditional idea that a small 
disturbance causing a large effect fails. The rapid mixing in the whole local position needs large 
receptivity capacity as mentioned above. For this reason, the philosophy for turbulence control is: 
when a small disturbance is sufficient for a practical aim, it is preferable to use the small disturbance; 
however, a large disturbance can be used to produce a larger effect if the effect of a small disturbance 
is_limited. 

11.2 Secondary vortices 

The The origin of the secondary vortices in free shear layer have been studied by some works, e.g. 
[21] [89] [66] and [76], The visualization results shown here indicate that, there may be more than 
one instability mechanism for the secondary structures. The sources of initial spanwise disturbances 
could be from the corner or inhomogeneity on the splitter plate. That which has dominate influence 
could depend on the confinement (wall influence), forcing level and method. 

In Roberts [89] work, a model for the secondary vortices, which are the Type A Vortices here, is 
proposed to describe the side wall effects for mixing enhancement. However, there is some difference 
between the model of Roberts and the results here. First, the origin of the Type A Vortices could 
not be necessarily the same. In Roberts' model, the Type A Vortices are originated from the velocity 
defect in the side wall boundary layers; The model here emphasizes that under strong forcing, there is 
an impulse in the vertical direction, which strengthens the counter-rotating of the fluids along the wall. 
This rotation results in high vorticity of streamwise direction, which in turn, produces the induction of 
the Type A Vortices due to their instability mechanism, when the fluids leave the trailing edge. This 
process strengthens the amplification of the Type A Vortices. The Type A Vortices then strengthen 
the Type B Vortices, and the Type B Vortices give a positive feedback to the Type A Vortices again 
and this process repeats until the Type A Vortices reach their final equilibrium state. 

Secondly, the equilibrium state of the Type A Vortices is strongly dependent on the forcing mech- 
anism and forcing level. If the forcing is strong enough, the Type A Vortices can reach the axis of 
the pipe in the wake or meet each other in the high velocity side in the mixing layer. Similar result 
for a wake is also obtained by Mackinnon & Koochesfahani [69]. In the Roberts model, the Type A 
Vortices reach an equilibrium state and the distance between the two pairs of the Type A Vortices is 
twice the distance from either pair to the side wall from which they originate. 

Thirdly, for a mixing layer under strong forcing, the Type A Vortices not only amplify strongly, 
but also have two counter-rotating vortex pairs, i.e. vorticity of two sign exists as in a wake. However, 
in Roberts model, there is only one sign vorticity for the mixing layer. 
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11.3 Sudden transition 

The phenomenon observed in this visualization might also be used as an experiment for the study 
of deterministic chaos. Firstly, with the change of control frequency we observe a variety of critical 
vortex motions, e.g. as shown in Fig. 10.1. These are closely related to coherent structures and their 
formation. On the one hand, through the control of the vortex motion, we can better understand the 
turbulent coherent structures and their scenario; on the other hand, vortex dynamics can be better 
described by dynamic chaos theory. Secondly, similar to a forced spherical pendulum - where Tritton 
[106] used forcing frequency as a system control parameter, the control frequency could possibly also be 
used here as the system control parameter to study the vortex dynamics for the confined configuration 
in a pipe. 

11.4 Symmetry breaking hysteresis 

The symmetry breaking hysteresis could be related to some bifurcation mechanisms and be used for 
chaos study. One the one hand, under a given forcing / and A for the new instability mechanism, 
the very small difference of (U\ - U2) (which could be a random parameter) could be regarded as a 
system control parameter, and its value determines the bias direction for the sudden transition. It 
provides an example of an open system. On the other hand, either A or / could be regarded as a 
system parameter like the Reynolds number to describe this instability phenomenon. 

11.5 Pairing burst 

11.5.1 Mechanism of the pairing burst origin 

The pairing vortices are forced by the steep impulse of upstream vortices. This can be clearly seen in 
Fig. 10.28. This force steeply pushes the pairing vortices along the bias direction of the mixing layer, 
so that the pairing vortices have an impulse force against the fluid near the wall. This force is not 
parallel to the surface of the wall. The fluid near the wall will force the pairing vortices in the way of 
Newton's third law. The summed force results in the pairing burst. Due to the fact that the pairing 
burst is related to the large coherent structures, such a pairing burst is also quasi-period. 

It should be clear that vortices pairin g is neither a necessary nor sufficient condition for the large 
vortex ejection (burst). Under certain conditions, vortices pairing can enhance the ejection. However, 
without pairing, if a vortex convects at a certain angle to the wall or with a sufficiently high Reynolds 
number, there can also be vortex ejection, but not pairing burst. This can also be observed in this 
experiment. 

11.5.2 Quasi-step flow 

Step flow is widely studied and many works are concentrated on its large structures. Through the 
visualization, it is found that the large vortex ejection due to the pairing burst is a characteristic of 
this flow. There is a little difference between the present step flow and the normal step flow. Here 
the backward surface is not a solid, but water. Therefore it is called quasi-step flow. However, in the 
work of Kuo [64], it is found that there is little difference between these two kind step flows. To the 
author's knowledge, there is no report on the pairing burst in step flow, for example, in the flow of a 
pipe with a sudden expansion. 

It is not known, if there is such an ejection caused by upstream vortices pairing in a normal 2-D 
step flow. Due to the fact that there is a mixing layer in a normal 2-D step flow and the pairing also 
happens there steeply to the wall, it is postulated that the pairing burst investigated here could also 
emerge in a normal 2-D step flow. However, the wall influence could enhance the pairing burst in the 
confined quasi-step flow. 
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11.5.3 Control of wall free and wall bounded turbulent flow 

Burst is one of the most important phenomena in the turbulent boundary flow. Its control, on the one 
hand helps us to understand its mechanism, and on the other hand, has application for engineering, for 
example, drag reduction and heat transfer enhancement. There are many different methods to control 
turbulent boundary flow [38]. Here we use the Tai Chi idea, i.e. a system view, to propose another 
idea for controlling the turbulent boundary flow: the near wall region flow can be controlled through 
the control of the flow far away from the wall. Pairing is a property of free turbulence. Through this 
experiment we can see that the wall flow can also be strongly influenced if the out-layer is a mixing 
layer. 

Free turbulence is often used for turbulent mixing. For the study of free turbulent flow, the wall 
effect is usually omitted, as on the one hand it can cause greater complexity for a fundamental study, 
and on the other hand, due to the existence of the wall, the viscosity effect will be large, which could 
decrease relative turbulent mixing. However in the confined mixing layer, because of the pairing burst, 
the influence of wall can also sometimes increase mixing as shown in this work. 

The quantitative measurement of turbulent mixing before, during and after the pairing burst will 
be given in a later corresponding publication. 

11.5.4 On turbulent burst 

Turbulent burst is related to the mechanism of turbulent energy production and transport in the 
turbulent boundary flow. Although there are a lot of models for it, some disagreements still exist 
[90]. It is intended to use the visualization result of the pairing burst in the confined mixing layer to 
discuss some problem connected to the burst, even though the burst is usually measured through some 
conditional sampling, because the conditional sampling is more accurate than visualization. From the 
visualization of the pairing burst in a confined mixing layer, we can clearly see the large coherent 
structure in the turbulent boundary flow. Reckoning the pairing burst as a model flow for turbulent 
burst in the turbulent boundary flow, we may understand the turbulent burst better. 

One point of interest is that the critical velocity parameter A c decreases with the increase of 
Reynolds number Re. If Re is sufficient high, the A c may decrease to almost zero corresponding to 
a plane wake. As shown in Fig. 10.22, when Re e is 184, A c is only 0.06. This is approximately a 
plane wake, which in turn, due to the sharp trailing edge, is approximately a boundary flow with some 
initial disturbance that can result in the pairing burst if the Re is high enough. 

11.5.4.1 Dynamics of burst The kinematic combinations and dynamic relationship of the 
local tilted shear layer and the vortices in turbulent boundary flow does not have unique formation 
mechanisms [90]. The dynamics, i.e. the origin of burst could be related to the model flow of the pairing 
burst as mentioned above. There may be two kinds of sweeps for burst process. The first one is the 
upstream sweep of ejection, which is the reason of the pairing burst and usually ignored. The second 
one is the downstream sweep of ejection, which is often mentioned. According to this visualization 
result, it seems that the upstream sweep is more related to the dynamics of the first burst, and the 
downstream sweep to the kinematics of burst. The reason is that if there is no upstream sweep, the 
pairing burst will not appear. This can be seen in Fig. 10.20, where no apparent sweep can be seen, 
and hence no pairing burst appears. The first burst in a turbulent boundary flow, where the Re is 
high enough, could be created by some unknown initial disturbance, which is related to the upstream 
sweep. This first burst could result in the shear layer, which than results in the second burst. The 
second one will result in the third one and so on. Even if there is no pairing, if some disturbance 
results in a steep impulse, there can still be large vortex ejection as mentioned above. 

Offen and Kline [80] proposed a shear layer model for the burst. Here, however, it is another shear 
layer model, which is related to the pairing burst and is the reason for the first burst. 

11.5.4.2 Interaction between inner and outer flow The dynamical relationships between 
the inner region of intense turbulent production and the larger scale, less active outer layer are poorly 
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understood [90]. The model proposed above to explain the dynamics of burst could also be related 
to Reynolds scaling in the turbulent boundary flow. Assume that the pairing burst is an interaction 
process between inner and outer flows. For a small Re, large A is needed for a pairing burst to occur. 
Large A is more related the free shear layer, which is an out region flow. This means for a small Re, 
the out-region dominates. However for a large Re, the inner-shear flow has sufficient energy to initiate 
the burst, and the out region function is therefore relatively weak, i.e. for low Re, the inner region 
dominates. 

In the confined mixing layer, the horseshoe and hairpin vortex is also apparent. This can be seen 
in the plan view of the figures in this work, as for example, shown in the plan view of Fig. 10.28. 
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12 Conclusion 

In part 2, the following works axe conducted. 
Experimental Method 

A simultaneous visualization method of three light sheets is successfully realized for a complex 
flow study. 

Dual receptivity 

1 A new receptivity mechanism is discovered. It seems that there are two different receptivity 
mechanisms for the large forcing in the confined configuration in a pipe. One of them corresponds 
to the traditional 2-D instability mechanism and the other is a new one. 

2 The new instability mechanism has a much stronger receptivity than the traditional one, espe- 
cially for the high forcing level. In reality it has a higher receptivity capacity as is suggested 
here. 

3 The maximum receptivity frequency for the new instability mechanism is almost a constant of 
around 6 Hz and is independent of the convection velocity. This indicates that the Strouhal 
number of the maximum receptivity for the new one is not constant. 

4 The confinement has two opposing influences on disturbance amplification. One the one hand, 
the existence of the wall amplifies the effect of viscosity, which makes the flow more stable; on 
the other hand, the wall can strengthen the secondary vortices, and this three dimensionality, 
in turn causes the flow to be more unstable. 

5 For the new instability mechanism, the mixing layer exhibits an unusual phenomenon, i.e. its 
center line does not bias to the low velocity side, but to the high velocity side under strong 
forcing. 

6. There are counter-rotating vortex pairs for the primary structure in a mixing layer under strong 
forcing, which are also unusual to the normal mixing layer, where there is only one sign of the 
Kelvin-Helmholtz vortex. 

7. There is no universal spread rate for the mixing layer and plane wake under forcing. The 
maximum spread rate can be as high as 180°. 

8. For strong forcing the back-flow in the quasi-step flow can be much reduced. 

9. According to the results here, a concept of mixing receptivity is proposed for the control of 
mixing. 

Secondary vortices 

1. The two types of secondary vortex are the dominant vortices, i.e. Type A Vortices and Type B 
Vortices named here, even if there are also some other secondary vortices. 

2. The Type A Vortices originate from the corner between the splitter plate and the pipe wall, 
while the Type B Vortices originate due to the primary vortex and the Type A Vortices. 

3 The new instability mechanism is related to the secondary vortices, i.e. the Type A Vortices 
and Type B Vortices named here, especially Type A Vortices, which amplify very fast in the 
initial stage. 

4. The sudden transition is also related to the Type A Vortices and Type B Vortices. 
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5. The unusual bias of the mixing layer and the counter-rotating vortex pairs of the primary 
structure are related to the Type A Vortices, which develop to the high velocity side under 
strong forcing. 

Sudden transition 

1. A sudden transition from laminar to turbulence is observed in the confined configuration (i.e. 
wake, mixing layer and quasi-step flow), which could be used, as a new example, for the scenario 
from laminar to turbulence in an open system. 

2. The new instability mechanism is very important to achieve the sudden transition. Under the 
traditional instability mechanism, it is impossible to realize the sudden transition due to the 
saturation. 

Symmetry breaking hysteresis 

1. A new phenomenon called as symmetry breaking hysteresis is observed in the confined configu- 
ration, which may also be used for chaos study in an open system. 

2. The symmetry breaking hysteresis results in an asymmetric statistical distribution of concen- 
tration and velocity. 

3. The symmetry breaking hysteresis phenomenon becomes weakened as Reynolds number ReQ 
increases. 

Pairing burst 

1. A new phenomenon named here as pairing burst is discovered in a confined mixing layer and 
quasi-step flow in a pipe. 

2. At a given initial Reynolds number i?e#, there is a critical velocity ratio A c , over which the 
pairing burst can happen. The higher the Reynolds number Re$, the lower the critical velocity 

ratio-A c — The-critical-velocity— ratio-A c -seems-to-be-asymptotically--zero-as-initial--Reynolds- 

number Re$ is very high. 

3. The higher the velocity ratio, the stronger the pairing burst. 

4. With the increase of initial Reynolds number Re$, the pairing burst can be enhanced. 

5. Pairing burst can be controlled through a temporal periodic forcing, i.e. the pairing burst can 
either be enhanced or reduced by control. 

6. The pairing burst phenomenon provides us with a new method to control boundary turbulent 
flow by a outer flow acting as a shear layer. 

Some applications 

The work here has some applications shown in the appendix. 

1. A new Anemometer based on photobleaching with LIF 

2. A new rapid mixing process for mixer and reactor 

3. A new process for heat transfer enhancement. 
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13 Summary 

The turbulent mixing criteria and the ideal relative turbulent mixing process determine the aims for 
turbulent mixing control. The new receptivity mechanism (including mixing receptivity) provides us 
with the basis to achieve the requirements. The experimental methods discussed here help us to study 
turbulent mixing both on large scale (visualization of three light sheets of a complex flow) and fine 
structure (high spatial resolution measurement). Thus, combining with computational fluid dynamics, 
a new system could be established for the study of turbulent mixing. 
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15 Appendix: Some applications 



This work is a fundamental one, however, it has some applications. Its corresponding applications are 
referred to the patents [40], [41] and [42]. Here it is a brief introduction to these three patents. 

A A new Anemometer based on photobleaching with 
LIF 

On the one hand, photobleaching is generally an unwelcome phenomenon, contaminating the LIF 
measurement of scalar (concentration and temperature). On the other hand it can be used for mea- 
suring fluid velocity. To the author's knowledge, there is no publication in which photobleaching is 
used for the measurement of fluid velocity. Here a new method of measuring fluid velocity based on 
photobleaching is introduced. 

A.l Principle 

The principle of the method is outlined in the section of part 1 dealing with a model of photobleaching 
effect. The lifetime of fluorescence is very short, about the order of 10~ 9 ~ 10~ 8 s. This means that 
if the laser dye molecules being pumped by a laser stayed in the measuring volume longer than 
10" 9 s, photobleaching would occur, and the light intensity of fluorescence would then decay with 
time exponently. The longer it stays, the lower the fluorescence intensity is. This indicates that 
fluorescence rise time is fast enough for fluid velocity measurement in fluid mechanics. Because the 
dye is continuously pumped, the lifetime of fluorescence is not the photobleaching time constant used 
here. The photobleaching decay time constant r used here is larger than the lifetime. The decay time 
constant for photobleaching depends on the experiment conditions, dye, concentration, laser intensity, 
exciting light wave length and so on as shown in eqn (4.3). Fig. 4.1 and Fig. 4.4 in part 1 can be 
regarded as a calibration curve between If and u. 

A. 2 Discussion 

This method has many advantages compared with hot-wire, Laser Doppler Anemometer (LDA) and 
Paxticle Image Velocimetry (PIV). 

1) Like LDA, it is a non-intrusive method. 2) It can have a very high spatial resolution and may be 
useful for the velocity measurement in very small scale devices (for example in Microelectromechanical 
systems (MEMS) and very fine blood vessels in medicine). The measuring spatial resolution is about 
4 (^m) 3 in our experiment with a working distance of about 150 mm. It can be smaller depending 
on the diffraction limit of the laser beam focusing. 3) The same measuring system can be used to 
measure both scalar and velocity and their correlation. 4) There is no problem with particle seeding 
and tracing velocity as in LDA. 5) This method may be useful for velocity measurement in the region 
very near to the wall where LDA has difficulties. 6) It could measure very small velocity for medicine 
and biotechnology. 7) With its principle the new technique could be used not only for point but also 
for field measurement as PIV. 8) The operation and procedure could be simpler and easier than LDA. 

A. 3 Problems 

This is a new method and some works are needed to develop this method to measure vector. Its 
success could provide the possibility of measurin g vorticity of a scale smaller than the Kolmo gorov 
scale. 

1) Velocity range: In this paper, the velocity range measurable is relatively small. But if spatial 
resolution is not crucial, the focus diameter can be larger and it can be expected that the measuring 
range will increase with the increment of focus diameter if laser intensity remains unchanged. 2) Laser 
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dye: The laser dye disodium fluorescein used here may not be the best for measuring velocity using 
the photobleaching method, because it does not bleach very fast. In order to improve the method, 
another dye is needed, which bleaches very strongly. 3) One dimension: This experiment, which is 
only the first step, can only measure one dimensional velocity because it is based on the residence 
time and is independent of direction. More works are needed to improve this method. 

B A new rapid mixing process for mixer and reactor 
B.l Status 

Mixer is always important for industry and technology. For example, direct losses in USA chemical 
processing industries, due to the problems of mixing, are estimated at $10Bn per year (Smith, 1990). 
Mixing layer, jet, wake, mixing tank and motionless mixers (including static mixers) are all widely 
used in engineering. These mixers are either only through mechanical force (mixing tank and static 
mixer) or through fluid dynamic mechanism (mixing layer, jet and wake). The former uses much 
energy and the latter can not achieve the rapid mixing in a short space and time. 

B.2 New mixer 

The results shown in Fig. 10.5 of part 2 provide us with a new process for mixing enhancement in 
industry. A new mixer is proposed. This mixer is based on a new mixing receptivity mechanism and 
can result in extraordinarily rapid mixing keeping energy costs lower. The process and principle of 
mixing is explained in part 2 of this work. 

B.3 The disadvantage of other mixers 

With mechanical forcing, the agitated mixers use too much energy in order to achieve better mixing, 
since the process of energy transportation from large to small scale is not optimized. The product 
quality could be affected due to the approximately exponent residence time distribution and some died 
region. Cells can be destroyed by too strong shear stress near blade surface in biotechnology. Mixing 

Reynolds number. All these flows have a large range of different structures (scales), which make the 
modeling of the mixing and reactor design more complicated, and so is the scale-up and scale-down. 

B,4 The advantage of new mixer 

In this new mixing process and mixer, the new knowledge of flow control is effectively used, both 
passive and active methods. Due to the very high receptivity of the new instability mechanism, the 
input energy is first optimally transfered to large scales and then to small scales, so that the achieved 
mixing enhancement is clearly much higher than other mixers, especially for low Reynolds number. 
Since it is similar to a pipe flow, the mixer would approximately have a residence time distribution 
of a plug flow and there is no back mixing (flow) and died region. The mixing chamber is fully used. 
Since no blade is used, the problem with cell breaking can be moderated. The process is a continuous 
operation and easier to control mixing and temperature distribution. Due to the the possibility of the 
control of the small structures, and the fact that the scale of scalar is more homogeneous distributed, 
the reactor modeling can be more easier and accurate. When used for reactor with multi-pipes, the new 
mixing process could bypass the classical problem of scale-up. All these factors make the installation 
of the new mixer and its construction much easier and simpler. 
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C A new process for heat transfer enhancement 



The heat exchanger is always important. One of the criterion for a good heat exchanger is that it has 
high efficiency, i.e. high heat transfer coefficient and lower friction coefficient. In order to achieve this 
aim many heat exchangers are designed for heat transfer augmentation. 

C.l Status 

Today heat transfer enhancement methods can be classified as: 1) The heat exchanger surface are 
extended; 2) The heat exchanger surfaces are designed as roughened ones; 3) The flows in the heat 
exchanger are swirl flows; 4) Wall Jet. All these are not ideal because of the fluid flow properties. The 
augmentation is either low or consumes a lot of energy. 

C-2 New heat exchanger 

It is well-known that, the most resistance for heat transfer is in the near wall region (especially viscous 
sublayer). According to the random surface renewal model of transfer process in a turbulent boundary 
flow [74], we know that if the fluid from the near wall region can be replaced by the turbulent core, 
the heat transfer would be enhanced. Prom Fig. 10. lid, we know that, the wake flow here is an useful 
one to replace the near wall region fluid by the center one for heat transfer enhancement. Since it is 
large coherent motion, the energy loss is relatively small. The new heat exchanger is based on this 
flow configuration, i.e. based on modern fluid dynamics knowledge and control of coherent structure. 
The construction of the heat exchanger is a confined symmetrical and asymmetrical wakes in a tube 
with or without forcing. 

C.3 Disadvantages of other heat exchangers 

The heat transfer rate is low if the geometry is simple, especially for low Reynolds number. If heat 
transfer is high, the geometry is then complex, e.g. snake tube. Over a longer period time, efficiency 
of heat transfer can be reduced for roughened surface. 

CA Advantages of the new heat exchanger 

The geometry is simple. The efficiency of the heat exchanger is high, i.e. low energy cost and high 
heat exchange. The efficiency could also be high even for a low Reynolds number. 
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A confined plane mixing layer in a pipe (i.e. the inlet of the pipe is a mixing layer) is experimentally 
investigated through visualization of laser induced fluorescence. Compared with conventional two-dimensional 
mixing layers, the confinement due to the side-wall causes not only quantitative change (e.g. spreading rate of 
the mixing layer), but also important new phenomena. It is observed that many well-known classical results 
in a traditional two-dimensional mixing layer may not be applicable to the confined configuration, especially 
under strong temporal periodic forcing. There seems to be two different instability (receptivity) mechanisms 
for the external forcing. One corresponds to the traditional Kelvin-Helmholtz instability and the other is a new 
instability, in which, the mixing layer exhibits some unusual phenomena. The primary vortex can become an 
asymmetric counter-rotating pair (contradicted to the one sign of the Kelvin-Helmholtz vortices) with forcing. 
The central line (isotach line) does not bias to the low speed side, but to the high speed side under strong forcing 
of the new instability. The traditional saturation phenomenon under strong forcing is not observed for the new 
-instability.— Gompared-with-th^ 

receptivity, which can yield a quasi 180° spreading rate of the mixing layer. As a result, an extraordinarily 
dramatic mixing is realized immediately downstream of the trailing edge under strong periodic forcing. The 
inherent frequency corresponding to the new instability is almost a constant independent of mean flow velocity. 
The new instability could be related to the streamwise vortices, which result from interaction of the primary 
vorticity and the vorticity originated from the streamwise corner flow between the splitter plate and side-wall 
immediately downstream of the trailing edge of the splitter plate. These streamwise vortices are very sensitive 
to initial periodic forcing of the new instability and amplify very fast. The results here indicate that the confined 
mixing layer is a very interesting flow for both science and engineering. 
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1 Introduction 

With the discovery of large coherent structures in turbulent flows the active and passive turbulent control, 
i.e. the control of these large coherent structures, has become very active in the fields of turbulence and 
aerodynamics. This is due to the fact that these large structures play an important role for the flow property, 
and they are very sensitive to initial external disturbance. These structures can be therefore controlled with 
initial disturbance. 

Flow control based on receptivity has many different applications, such as fluids mixing enhancement, the 
flow separation, drag, and acoustic noise reduction, e.g. Ho & Huerre (1984), Fiedler & Fernholtz (1990) 
and Gad-el-Hak, Pollard & Bonnet (1998). For mixing control, the large structures in mixing layers have an 
essential influence on molecular mixing of different chemical species in turbulent flows. The control of the 
molecular mixing can indirectly be achieved through the control of these structures. 

Mixing layers are important in many applications, e.g. combustion and chemical lasers, where the mixing 
enhancement of two fluids can be very helpful and even imperative, especially for the reduction of chemical 
emission concerning the environmental protection. The control of mixing layer can be used to augment mixing, 
to reduce acoustic noise and to improve combustion instability. 

The spreading rate of a mixing layer is an important parameter used to describe mixing in a mixing layer 
(Cantwell 1981). Brown & Roshko (1974) pointed out that the large spanwise coherent structures played 
an important role for the entrainment and spreading rate of the mixing layer. Winant & Browand (1974) 
demonstrated that successive vortex mergings were the primary processes governing the streamwise spreading 
of the mixing layer. These structures and hence the spreading rate could be influenced through the initial 
periodic forcing, as investigated by Oster et al. (1978), Oster & Wygnanski (1982), Ho & Huang (1982), Fiedler 
& f Mensing (1985) and many others. One important common conclusion from these works is that the spreading 
rate can be enhanced through the active control. 

Fiedler et al. (1981) observed the same excitation behavior for all frequencies used. The forcing causes the 
strongest spread on the low speed side. Fiedler & Mensing (1985) also found that the flow was not frequency 
selective. The response of the mixing layer to forcing is frequency-dependent only inasmuch as the downstream 
position of saturation is inversely proportional to the forcing frequency. Ho & Huang (1982) found that the 
forcing frequency had the most pronounced effect on the mixing layer. In the initial region, the instability 
frequency of the forced mixing layer was not necessarily the same as forcing frequency. The initial response 
frequency is seen to correspond to that particular harmonic of the forcing frequency that is nearest to but 
smaller than nature frequency. Simultaneous merging as many as two, three or four vortices can be promoted 
through subharmonic forcing of the most-amplified frequency. 

Ho & Huang (1982) also found out that both collective interaction and vertex merging could increase the 
spreading rate. The collective interaction, which was first identified by Ho & Nosseir (1981) (see also Aref 
& Siggia 1980), can be achieved under sufficient high forcing level with forcing frequency much smaller than 
most-amplified frequency of the mixing layer. If forcing amplitude is high enough closing to saturation, the 
large vortex is formed directly. The vortex merging can appear earlier with increase of the forcing frequency 
(also see Fiedler et al. 1981). 

Fiedler & Mensing (1985) observed the saturation when the forcing amplitude was sufficient high, i.e. the 
intensity of the maximum periodic transverse velocity constituents and saturation Strouhal number became 
constant and independent of forcing amplitude when it was higher than 6.5%. They obtained the same mean 
spread for strong and weak forcing, i.e. twice the neutral value and independent of forcing amplitude. Weisbrot 
& Wygnanski (1988) also investigated strong forcing, but no distinguished difference in the spreading rate could 
be found from that of Fiedler et al (1981) and Oster & Wygnanski (1982). 

Fiedler et al (1981) and Oster & Wygnanski (1982) observed three regions for the development of the mixing 
layer. In region I, the initial spreading rate of the forced mixing layer exceeds the linear growth in the natural 
one. In region II, the spreading rate slows or stops and may even become negative under extreme condition of 
large forcing level. Vortices decay downstream and loose coherence before merging. The mixing layer resonates 
with the imposed oscillation in this region. In region III, the mixing layer spreading rate assumes the unforced 
characteristics. 

The velocity ratio is an important parameter for the spreading rate in the mixing layer (Monkewitz & Huerre 
1982), e.g. the spreading rate is scaled with velocity ratio (e.g. Brown & Roshko 1974). 

On account of above mentioned observations, Browand & Ho (1987) proposed a universal spreading rate of 
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mixing layers for different initial conditions with and without forcing. Dimotakis (1991), however, suspected if 
a universal spreading rate existed. 

Another well-known phenomenon is that in addition to the primary two-dimensional vortex structure, the 
mixing layers also contain a well-organized array of streamwise vortices that superimposed onto the spanwise 
eddies, as first observed by Miksad (1972), and later by Konrad (1976), Breidenthal (1981) and Bernal & Roshko 
(1986). 

For the origin of the streamwise vortices, Breidenthal (1981) noted a wiggle disturbance in the outer edge of 
the primary vortices, from which the longitudinal streaks originated due to 'the global strain field of the flow 7 . 
Bernal & Roshko (1986) regarded the appearance of streamwise vortices uninfluenced by upstream conditions, 
indicating that far enough downstream of the splitter plate, the streamwise vortices (or rib like structure 
(Hussain 1986)) might result from an instability of the primary vortices. Using a linear instability analysis of a 
family of coherent Stuart vortices to stimulate the array of spanwise eddies, Pierrehumbert & Widnall (1982) 
suggested that the streamwise vortices could result from a translative instability of these vortical arrays. 

Jimenez (1983) suggested that the streamwise vortices tended to lock onto small geometric details (e.g. 
imperfections in the splitter plate, orientation of screens, etc) in the experimental apparatus. In the numerical 
simulation from Lin & Corcos (1984), an initial weak spanwise-periodic variation of streamwise vorticity was 
unstable in the braids between two consecutive spanwise vortices with uniform strain field, and could evolve into 
concentrated streamwise round vortices. Lasheras, Cho & Maxworthy (1986) found experimentally that under 
the effect of strain field created by spanwise vortices, small localized upstream disturbance spread laterally 
by strong self-induction resulting in the sideways formation of counter-rotation pairs of streamwise vortices; 
The streamwise structures were always observed to generate in the braids between the spanwise vortices and 
to propagate into their cores; The origin of streamwise vortices could be changed by the control of spanwise 
vorticity distribution in spanwise upstream the splitter plate and could be considerably moved upstream by 
the mounting of small vertex-generating elements on the splitter plate. Having a spanwise-periodic forcing, 
Nygaard & Glezer (1991) observed the streamwise vortices downstream of the trailing edge, but upstream of 
the first rollup of the spanwise vortices, presumably due to cross-stream shear and the wave-like motion of the 
vorticity-containing layer between the two streams. Following the rollup, the streamwise vortices resided in the 
braid region between the consecutive primary vortices. 

Although spanwise vorticity non-uniformities within the braid region lead to the formation of streamwise 
vortices, experimental (e.g. Breidenthal 1981, Bernal k Roshko 1986, Browand & Troutt 1980,- 1985) and 
numerical evidence (Ashurst & Meiburg 1988) suggested that the same disturbance caused little or no distortion 
-of-the-pr-imary-vor-ti^ 

forcing was larger than that of primary vortices, the primary vortices developed spanwise undulations. This 
experimental result indicated that spanwise forcing wavelength had a profound effect on the primary vortices. 

Corcos & Lin (1984) found numerically that the growth rate of three-dimensional linear instability remained 
relatively constant during the rollup phase. However, vortex merging considerably delayed the linear develop- 
ment of the streamwise vortices. Metcalfe et al (1987) observed that pairing might inhibit the three-dimensional 
instability, while suppression of pairing might drive the three-dimensional mode to turbulent-like states. 

Lasheras et al. (1986) showed that a significant portion of the overall entrainment might take place due to 
the streamwise vortices. However, Lasheras & Choi (1988) did not observe a range of maximum amplification 
for the relatively long wavelength of spanwise purtubations, and suggested that the three-dimensional instability 
had a long bandwidth for which the amplitudes grew at a comparable rate. 

The interesting topic about small scale and mixing transition in mixing layer was reviewed by Roshko (1991). 
The streamwise vortices were already quite strongly developed upstream of the mixing transition (see also Moser 
& Rogers 1991). Huang & Ho (1990) suggested that the small scale transition occurred only after the first pairing 
of primary vortices. Using spanwise-uniform harmonic excitation, the primary vortices pairing was inhibited 
in the experiment of Nygaard & Glezer (1991), but they also obtained the small-scale transition. They found 
that as a result of interaction with the streamwise vortices, the primary vortices developed spanwise-periodic 
concentration of small-scale motion having a spanwise wavelength of approximately half that of the streamwise 
vortices within their cores. The breakdown of the cores were believed to be a precursor to mixing transition 
because further downstream, corresponding distributions of small-scale motion had less spanwise coherence. 

The global feedback mechanism of long-range coupling effect between the trailing edge and the dominant 
flow events was described in Ho & Huerre (1984). Here the vortex merging event along with the stream was 
assumed to be linked to the trailing edge via a feedback loop, consisting of downstream-propagating subharmonic 
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instability wave and an upstream-propagating acoustic wave. 

Fiedler k Thies (1978) found out that organ-pipe (quasi excitation) had similar influence as forcing. Its 
corresponding frequency did not scale with mean flow velocity. However, no anomalous result was reported for 
it. 

The forementioned are obtained from the conventional two-dimensional mixing layers, which are assumed to 
be free from the side-wall effect. The investigations of confined mixing layers, i.e. side-wall could have influence 
on the dynamics of the mixing layer, are limited. Usually such flows are not considered of general interest 
for fundamental research, since additional complications of the side-wall influence are introduced, which may 
obscure the study of turbulence mechanisms. In all realistic cases, however, the side-wall influence is always 
present, albeit often only to a negligible extent, and it may not be unwelcome under all circumstances. Although 
Veynante, Candel k Martin (1986), Koochesfahani k Mackinnon (1991) investigated confined situation, no 
anomalous phenomena were observed compared with the above mentioned knowledge. Although Wood k 
Bradshaw (1982) concerned the effect of side- wall, no active forcing was applied to investigate the side-wall 
effect on the instability behavior. 

However, recently Wang (1999) found several interesting new phenomena (dual receptivity and dramatic 
mixing, sudden transition from laminar to turbulence, symmetrical breaking hysteresis, and pairing burst, and 
so on) in confined mixing layers in a pipe, i.e. the inlet of the pipe is a mixing layer. The side- wall effect not only 
adds some extra complex and quantitative variation, but also results in some interesting new phenomena, which 
to the author's knowledge, have never been reported, especially an extraordinary dramatic fluids mixing under 
the active control of a new instability (Wang k Fiedler 1998). Most above mentioned results in the traditional 
two-dimensional mixing layers will not be applicable anymore, especially in the cases of strong forcing under 
the new receptivity mechanism. 

The confined mixing layer in a pipe is not simply a superposition of a mixing layer and pipe flow, but a 
complex three-dimensional flow. Visualization discloses a variety of phenomena, which cannot be explained by 
the simple superposition. This is particularly true for the cases of periodic forcing. These new phenomena 
are unknown in the 'ordinary' mixing layers and are not found in a simple pipe flow either. However, they 
are interesting for both the fundamental researcher and engineer and may even provide new insights for those 
making basic studies on the origin of turbulence in an open flow. 

In the present work, the confined mixing layer in a pipe is experimentally studied through visualization to 
present some new phenomena, especially under strong forcing under the new receptivity mechanism. Section 2 
describes the confined configuration of the facility. In Section 3 the experimental results are presented. Some 
discussion is given in section 4, and the summary and conclusion is presented finally in section 5. 

2 Experimental set-up 

The experimental configuration is shown in figure 1. Two vessels of 300 liter at 2.5 m higher than test section 
supply water and water solution (laser dye) to the water channel respectively. The water level changes little 
during 30 s run so that the fluid velocity is almost constant. One vessel is filled with water, and the other 
with aqueous disodium fluorescein solution. Rotameters (which are calibrated with a water vessel) are used 
to control and measure the velocity of the fluids, which are filled into a settling chamber from the side of the 
wall respectively. The settling chamber upstream of a nozzle is 400 mm long, and has one honeycomb and two 
screens. The Nozzle has a contraction ratio of 10:1, and is 100 mm long. The nozzle is designed in the light 
of theory of (Borger 1975). In the axial-symmetrical center of settling chamber and nozzle there is a splitter 
plate, which has a uniform thickness of 5 mm in the settling chamber and a sharp trailing edge at the end in 
the nozzle. A plexiglass pipe of 42 mm inner diameter, 4 mm thick is connected with the nozzle. The pipe is 
totally 2.1 m long. At 1 m x-position downstream of the trailing edge, there is a cube, in the middle of which a 
mirror is placed for visualization. The cross section of the cube is large enough so that the block of the mirror 
has no influence on the flow in the test section. 

The mixing layer is forced by active control, for which two different methods are used. The first one involves 
a loudspeaker. Near the input of the settling chamber, there is a loudspeaker in the axial-direction on the low 
speed side which is used as the actuator. The speaker excites the flow through the connection with a plastic 
membrane, which in turn connects directly with water stream. Due to high pressure of the water, the membrane 
is under too much tension, so that it cannot been forced to move by the speaker. For this reason, a sealed bottle 
is used and the speaker is also sealed. The bottle is half-filled with water, which is connected with the fluid in 
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the settling chamber through a tube. The air in the bottle is connected with the loudspeaker. If the pressure in 
the settling chamber is increased, the pressure in the bottle will also rise. This results in an pressure increase 
on the speaker side of the membrane, so that the membrane can keep in equilibrium position and oscillate. 

A condensator is constructed between the speaker and membrane to measure the amplitude of the membrane 
displacement. The condensator is connected to a frequency bridge, which is connected to an oscilloscope. The 
relationship between the amplitude of the speaker and the signal from the frequency bridge has been calibrated 
before use (it is linearly related). Through this construction the forcing amplitude Aj of the speaker can been 
controlled. The signal generator used for loudspeaker is HP 33120A. The forcing signal is sinusoid. A DFVLR 
power amplifier is used to amplify the signal for the loudspeaker. 

Since the loudspeaker cannot be used for flow of higher Reynolds numbers, another forcing method uses 
rotating valve for the active forcing. The high speed fluid is first divided into two parts, and each is followed 
by a rotameter. One of the stream passes a valve, which can be rotated by a motor. The rotation of the 
valve results in a periodic blocking of the flow, and thus a periodic velocity. The forcing frequency // can be 
controlled through the speed of the motor and Af through the flow volume of the two streams. No apparent 
difference of the mixing layer dynamics can be observed for the two forcing methods. 

Laser induced fluorescence is applied here for the flow visualization. The laser is a Coherent Inova 90 with a 
power of 5 Watt. Disodium fluorescein is used as laser dye. The optics used here is also shown in figure 1. The 
peaks of absorption and emission spectrum of the fluorescein are blue (488 nm) and green (530 nm) respectively. 
The reflecting laser light from glass is strong. In order to get clear pictures with minimum reflecting light, the 
excitation light of the laser should be different from the emitting one in the wave length. Using an etalon we can 
get only blue color (488nm) light. A narrow band light filter 500 ~ 600 nm and yellow color filter before a Sony 
CCD camera (which is applied to take the video picture) are used to filter away the reflecting light. Cylinder 
lens are used to achieve two-dimensional light sheets to visual side, plane and cross views of the mixing layer. 

The most-probable frequency (close to the theoretical most-amplified frequency, Ho & Huang 1982) is. mea- 
sured through an extremely high spatial resolution scalar point measurement of laser induced fluorescence in 
the shear layer. The detail measurement process is given in Wang & Fiedler (2000). Because the measuring 
point is before the first rollup of primary vortex, it should approximately represent the initial unstable wave 
frequency. HP 3562A Dynamic Signal Analyzer is used for the measurement of the signal power spectrum. 

The initial momentum thickness is often used for the scaling in shear flows (Ho & Huerre 1984). Here, 
its value in the mixing layer originating at the trailing edge can be approximately estimated through two- 
dimensional spatial mode of linear instability theory, since the flow is approximately two-dimensional immedi- 
ately downstream of the trailin g edg e without, fo rcing. With no forcing, the Strouhal number St n i = 9qU j / 01 
corresponding to the most-amplified frequency f 0 \ of Kelvin-Helmholtz instability is a constant, i.e. nearly 
0.032 (Ho & Huerre 1984), where 6 0 denotes the sum of the initial momentum thickness 6 of the mixing layer, 
U = (Ui +U 2 )/2 represents the mean flow velocity, U\ and t/ 2 are the initial average velocity of the two streams 
respectively in the mixing layers. 

The visualized scalar structure sizes and their corresponding shear layer thickness 8 V and spreading rate 
dS v /dx are used as the criteria of receptivity in the near field even though the instability theory is usually 
described as the disturbance of velocity. The argument is that, at the beginning of the mixing layer, the larger 
the coherent composition of the velocity, the wider its corresponding vortex in the shear layer, which can be 
recognized by scalar large structures at least in the near field. In this work, there is no attempt to provide 
the detailed accurate fundamental data for the receptivity study quantitatively, instead, to introduce a new 
phenomenon of receptivity and its possible mechanism qualitatively. 

The active control introduces temporal periodic forcings of the flows with a certain of frequencies and am- 
plitudes. The relative average velocity-perturbation amplitude of forcing (henceforth, called forcing amplitude) 
resulting, from the membrane corresponds to: 

A f = V&/U(%) = 2a M f f (A M /A N )/(lAUU). (1) 

where the ratio of membrane to nozzle area Am I An = 2 ! in this experiment, u is the initial disturbance of 
streamwise velocity component. // denotes forcing frequency and om represents the maximum displacement of 
the membrane. The estimated initial Reynolds number based on initial momentum thickness is Re& Q = 0 O U /v. 

The visualization is undertaken in the near field of the mixing layers. The fluids flow from left to right for 
the- side views. The laser sheet for the side views passes through the axis of the pipe. The trailing edge of the 
splitter plate is within the view of the pictures. 
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3 Results 



3,1 Forcing frequency effect and a new instability mechanism 

Figure 2 (side view) shows the influence of forcing frequency // with constant forcing amplitude Aj. The 
speed of the two streams is U\ = 9 cm/s and U2 = 6 cm/s respectively, // changes in the range of 2.4 - 9 
Hz and Af is a constant of about 6.5%, i.e. strong forcing. Figure 2a is the case with no forcing. The / 0 i of 
Kelvin-Helmholtz vortices is estimated to be 7.2 Hz (see also figure 10) according to the scalar measurement and 
visualization result. No apparent difference can be observed between the confined mixing layer and conventional 
two-dimensional mixing layer. Figure 2b denotes the case of // = 2.4 Hz. Since this is in the second subharmonics 
region, i.e. in mode III according to Ho & Huang (1982), the tripling of vortices can been observed in the initial 
stage. The shear layer spreads very fast as the three vortices are merging. After the merging, the shear layer 
is in the frequency lock region and does not spread. In figure 2c the mixing layer is forced at // = 4.4 Hz. 
Because this is between the foi and its first subharmonic, i.e. in mode I, no vortex merging is found in the initial 
stage. The frequency lock region follows the first rollup. Compared with the unforced one, dS v /dx immediately 
downstream of the trailing edge is much increased. Figure 2d is also in the mode I as the case of figure 2c, 
but with higher // of 6 Hz and more close to / 0 i- According to Ho k Huang (1982), the development of the 
mixing layer in figure 2d should be similar to that in figure 2c, except that the primary vortex size in figure 
2d should be smaller than that in figure 2c. However, surprisingly there is no frequency lock region, i.e. region 
two from Oster & Wygnanski (1982), and the shear layer linearly spreads until the low speed edge of the shear 
layer reaches the wall. During this spreading process, no subharmonic component can be observed. The average 
shear layer dS v /dx is much higher than that of figure 2c. There are small scale structures already at about 
x/Bq — .191 {x/D = 1.5, where x represent downstream position from the trailing edge and D the inner pipe 
diameter.) Figure 2e is forced at 7.2 Hz. The dynamics of mixing layer in figure 2e is similar to that of figure 
2d. However, the vortex size and its corresponding d5 v /dx in figure 2e are smaller than those in figure 2d, but 
larger than those in figure 2c in the near field. In figure 2f where // is 9 Hz, as expected, there is only slightly 
decrease of dS v /dx compared with the unforced one in the initial stage and the receptivity becomes very small. 
The results from figure 2a, b, c and f are similar to those from Ho & Huang (1982) and Oster & Wygnanski 
(1982). 

The most interesting thing is the comparison among figure 2c, d and e. As we know from Ho & Huang 
(1982) that in the mode I, the vortical sizes following trailing edge decrease with the increase of forcing frequency. 
For, this reason, the vortices in figure 2e should be smaller than those in figure 2d, which in turn, should be 
smaller than those in figure 2c. However, the visualization result shows that the vortex size in the figure 2d is 
surprisingly larger than that in figure 2c in transverse direction after x/9o = 63 (x/d = 0.5). The frequency 
lock region in figure, 2c disappears in figure 2d. With further increase of // as shown in figure 2e and figure 
2f, the vortical sizes become again smaller compared with that in figure 2d. Many tests show that, barring the 
possibility of an experimental error, the forcing at 6 Hz has higher receptivity than at other ones. Therefore // 
= 6 Hz is actually the maximum receptivity frequency. Further experimental results (see later) confirm that 
forcing around 6 Hz corresponds to a new instability mechanism. It is also noted that the dS v /dx at // == 7.2 
Hz in figure 2e is higher than that at 4.4 Hz in figure 2c and the development of the mixing layer in figure 2d 
is similar to that in figure 2e. This is because of that at // = 7.2 Hz, the receptivity mechanism is partially 
influenced by the new instability mechanism, i.e. the most-amplified frequencies of Kelvin-Helmholtz instability 
and the inherent frequency corresponding to the new instability mechanism are overlapped in figure 2e. In this 
work the new receptivity mechanism is mainly investigated. 

Compared with figure 2b where there is vortex merging, figure 2d, exhibits no vortex merging, but d5 v /dx is 
higher in figure 2d than in figure 2b following x/D = 2, and there are even more small-scale structures in figure 
2d than in figure 2b. This indicates that the mixing can even be stronger with no vortex merging than with 
vortex merging (according to the comparison of figure 2b and figure 2d). From this viewpoint, the manipulating 
of vortex merging is not the only way to enhance mixing efficiently. 

Another interesting thing is the vortex merging in figure 2b. Usually the merging bias to the low speed side 
of the mixing layer, but here the merging seems bias to high speed side. This is related to a phenomenon called 
'pairing burst' in Wang & Fiedler (1996). 

In the work of Fiedler et ai (1981) the flow exhibited the same forcing behavior for all frequencies applied. 
Fiedler & Mensing (1985) also described that the flow was not frequency selective and the response of the shear 
layer to forcing was frequency-dependent only inasmuch as the downstream position of saturation was inversely 
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proportional to the forcing frequency. Figure 2 here displays clearly the different mixing layer behavior between 
// = 6 Hz and other values. This reveals a more complicated situation for our understanding of mixing layer 
in confined configuration and provides us with more possibility to control it. 

3.2 Stream wise vortices 

In order to understand the flow and the mechanism of the new receptivity in the confined configuration, it 
is necessary to investigate its streamwise structures. Experimental results show that the above mentioned new 
receptivity phenomenon and other new phenomena to be discussed later in this work are closely related to the 
streamwise vortices. 

It should be mentioned first that in some cross view pictures, there are two sharp dark areas, for instance 
in figure 4d, where the laser sheet goes through top to bottom of the pipe. This is due to the fact that the pipe 
wall can act as a lens and results in these dark areas. 

3.2.1. Type and origin. There are many different kinds of streamwise vortices in the confined configuration 
except the traditional ones. Only the important ones are introduced here. Different streamwise vortices have 
different origins. 

The interaction of the vorticity originated from the four corner flows between the splitter plate and side- wall, 
and the spanwise vorticity in the mixing layer results in several counter-rotating vortex pairs, which are the 
most important streamwise vortices in the confined configuration and are called here Type A Vortices. The 
four corner flows are their main sources. These vortices can be enhanced through periodic forcing and figure 3a 
gives an example of the forced Type A Vortices at x/D = 1, where the Ui and U 2 are 3 and 1 cm/s respectively, 
// = 6 Hz and Af is about 3.5%. - 

Due to the momentum transfer from high to low speed in a mixing layer, the mixing layer bias to the low 
speed side. In the confined mixing layer, this will cause the high speed fluid moving in the center region to 
the low speed side and the low speed fluid to the high speed side along the wall because of continuity. Thus, a 
secondary flow is produced. Without forcing, this yields the Type A Vortices to develop to the high speed side 
along the pipe wall as shown in figure 4a. - - ■. 

As A f is sufficient high under the new receptivity, the interaction of the Type A Vortices and spanwise 
vortices can result in two counter-rotating vortex pairs, called Type B Vortices here as shown in figure 3b at 
x/D = 4, where U x and U 2 is 9 and 6 cm/s, // is 2.6 Hz and A f is about 8%. These vortices originate from 
around the axis of the pipe and develop to the wall. The counter-rotating vortex pair* at high speed- side is 
^smaller_thanJ;hat_atJow_speed-side-due-to_t^^ 

secondary flow and the Type A Vortices at low speeds side. 1 " ■ - 

The above mentioned secondary flow, which is induced by the bias of mixing layer, can be enhanced with 
increase of velocity ratio A = (Ui - U 2 )/(Ui + U 2 ) and periodic forcing. During the development of the mixing 
layer, the secondary flow and the vorticity of the low speed side vortices of Type A Vortices strengthen each 
other and their interaction evolve a counter-rotating streamwise vortex pair, called Type C -Vortices here. Figure 
3c shows an example of Type C Vortices, which result from the further development of the flow in figure 3a at 
x/D = 4. The positive impulse from each other between the secondary flow and the low speed side vortices of 
Type A Vortices also makes the low speed side vortices of Type A Vortices larger in low speed side than in high 
speed side. ...... 

With sufficiently high A and x/D, the low speed side fluid moves along the side- wall to high speed side from 
opposite directions and meets at the top of the pipe wall. Then it flows to low speed side again and results in 
a vortex pair called Type D Vortices as shown in figure 3d at x/D = 7, where Ui and U 2 are- 4 and 1 cm/s 
respectively, // ='6 Hz and Af is about 5%. This process can also enhance mixing, especially when A and U 
are sufficiently high. 

Although their different origins, Type A Vortices and Type B Vortices have the same Topology on the high 
and low' speed sides respectively. The topology of Type C Vortices is also the same as that of the Type D 
Vortices and the Type A Vortices of the low speed side. All above mentioned streamwise vortices have different 
origins from those investigated in traditional two-dimensional mixing layers. They are quasi mirror" symmetric 
to the vertical surface through the pipe axis. 

3.2.2. Evolution. The evolutions of the Type A Vortices in a unforced and forced mixing layer, are shown 
in figure 4 and figure 5 respectively, where U\ and U 2 are 9 and 6 cm/s. In figure 4a and b, where x/D are 
0.2 and 1 respectively, the Type : A Vortices can be observed. During the evolution process downstream, it can 
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be clearly seen in the cross view that the high speed fluid moves to the low speed side in the center region of 
the pipe, while the low speed side fluid moves to the high speed side along the wall. Thus the Type A Vortices 
also move to the high speed side as shown in figure 4c and d, where x/D are 2 and 4 respectively, since Type A 
Vortices are originated in the near wall regions. The Type A Vortices keep their form during the evolution in 
the investigated range of x/D. Without forcing, the vortices of the low speed side within the Type A Vortices 
are larger than the ones of the high speed side and the difference between the sizes depends on velocity ratio A. 
The higher A, the larger the difference. They are the same size only when A = 0. This could be related to the 
above mentioned secondary flow, which can enhance the vorticity of the vortices of the low speed side. The size 
of Type A Vortices is the same order of the size of primary vortices in the transverse direction. The span wise 
wave length in figure 4c seems to be the same order of the size of Type A Vortices. 

In figure 4a, except the Type A Vortices, no spanwise wave can be found. The interface between high 
and low speed stream is a straight line. In figure 4b, the straight line begin to be distorted. The rollup of 
primary vortex can be observed in Fig 4c (see also figure 2a). Here we can see the initially spanwise developed 
undulation, which could develop into streamwise vortex similar to traditional one in two-dimensional mixing 
layers. Its further development is shown in figure 4d, where the spanwise undulation in figure 4c is distorted by 
the secondary flow. 

The dynamics of Type A Vortices strongly depends on the forcing, e.g. // and Af. When the flow is forced 
under the new instability mechanism, the evolution of the Type A Vortices is enhanced as shown in figure 5, 
where // is 5.6 Hz and A f is about 6%. Compared with the unforced ones, the size of Type A Vortices of the 
high and low speed side in the forced flow is almost the same as shown in figure 5a (x/D = 0.2) and figure 5b 
(x/D = 1). They become similar to those in a wake with A = 0. This indicates that under forcing, the initial 
wake of the mixing layer plays an important part in the mixing layer development in the confined configuration. 
• Further downstream, the Type A Vortices develop very fast and almost reach to the axis of the pipe in the 
spanwise direction. This can be seen in figure 5c and figure 5d. Here the amplification of Type A Vortices and 
the fluids mixing is strongly enhanced under forcing compared with the unforced case. 

While the interface between the high and low speed stream has no apparent undulation in the spanwise 
direction in figure 5a, it is not as straight as the corresponding unforced one. In figure 5b the undulation 
already becomes clear compared with the unforced one. With further evolution and interaction between Type 
A Vortices and primary structure downstream, the undulation has developed into the streamwise vortices, which 
are similar to those of two-dimensional mixing layers as displayed in figure 5c and figure 5d. Though the forcing 
is not periodic in spanwise direction, it indeed accelerates and enhances the evolution of streamwise structures, 
implying that the Type A Vortices have influence on the development of streamwise vortices at least in the 
confined configuration. The positive impulse feedback between Type A Vortices and Type C Vortices is also 
distinguished in figure 5c and figure 5d. 

Another important phenomenon is that Type A Vortices amplify very fast with strong forcing only under 
the new receptivity mechanism. Under traditional receptivity, the amplification of Type A Vortices is not so 
rapid, and thus nor is that of the spanwise vortices. This can be observed in figure 6, where U\ = 30 cm/s, 
U 2 = 20 cm/s; Figure 6a, b and c are the cross views of the figure 9c at x/D = 0.2, 1 and 2 respectively 
'and the forcing is under the new receptivity mechanism, i.e. // is 6 Hz. Figure 6d (x/D = 0.2), figure 6e 
(x/D = 1) and figure 6f (x/D = 2) represent the forcing result of cross views of figure 9g under the traditional 
receptivity mechanism, i.e. // is 16 Hz (in mode II, because / 0 i is about 43 Hz). In the initial x-position, figure 
6a and d have already shown some difference for Type A Vortices. With the evolution, in figure 6e and f, the 
Type A Vortices propagate and amplify little, while in figure 6b and c, the Type A Vortices propagate and 
amplify much faster. Both have the same Aj value around 7%. The result indicates that under the traditional 
receptivity mechanism, Type A Vortices develop more slowly than under the new receptivity mechanism. As 
Type A Vortices amplify very fast, so do the spanwise vortices (see also figure 9). 

3.3 Forcing amplitude A f influence 

The dramatic, effect of forcing amplitude Af is shown here. Figure 7 (side view) shows the influence of Af 
under a constant // = 5.6 Hz (i.e. the new receptivity mechanism) for a mixing layer of U\ - 10 cm/s and 
[7 2 = 5 cm/s. foi is estimated to be about 7 Hz, and the forcing is in the mode I on account of Ho & Huang 
(1982), i.e. // is between f 0 \ and its first subharmonic. The response of the mixing layer to A f under the new 
receptivity mechanism is very interesting. As we know, the central line of a traditional mixing layer biases to the 
low speed side beyond the trailing edge and this is also true in figure 7a and figure 7b. In figure 7a there is no 
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forcing and in figure 7b the flow is forced and Af is about 1.5%. The vortices are induced by Kelvin-Helmholtz 
instability. In figure 7b there are the three regions of non-linear spreading observed by Fiedler et ai. (1981) 
and Oster & Wygnanski (1982). In region I (corresponding 0 < x/9 0 < 67, or 0 < x/D < 0.5), the initial 
d8 v /dx of the forced mixing layer exceeds the linear growth of the unforced one. In region II (67 < x/8 0 < 406, 
or 0.5 < x/D < 3), d6 v /dx slows or stops and vortices decay downstream. In the region III (x/9 0 > 406, or 
x/D > 3), dS v /dx assumes the unforced characteristics. However, in figure 7c where Af is about 5%, even 
though the center line of the mixing layer still biases to the low speed side, the vortices following the trailing 
edge are almost no more the pure Kelvin-Helmholtz vortices. This is at a critical point, where the primary 
vortex becomes asymmetric counter-rotating vortex pair similar to (but is not the same as) the vortices of 
Karman Vortex street in a wake of A = 0. The right side vortex is very clearly visible and the left side is still 
not. At about x/D - 1, the mixing layer does not spread in the high speed side, but only in the low speed side 
linearly until the wall at about x/D - 3. This could be related to the interaction of positive impulse feed-back 
between the Type A Vortices of low speed side and Type C Vortices. At about x/D = 1.5, there are already 
small scale structures. 

In figure 7d where Af is around 8%, the asymmetric counter-rotating vortex pair is very clearly visible, 
and anomalously the center line of the mixing layer does not bias to the low speed side anymore. Compared 
with figure 7c, the edge of the mixing layer moves to the high speed side keeping the low speed side almost 
unchanged and dSy/dx increases too. The downstream position, where small scale structures appear, is also 
unchanged. The three regions during the development in figure 7b disappear. The visualized mixing layer is 
almost symmetrical to the trailing edge now like a wake, but the topology of the vortices is clearly different 
from that of the Karman vortex street. As we know, for strong forcing, the instantaneous view of the mixing 
layer usually shows a non-linear spreading of the shear layer in the near field as in figure 7b. However, figure 
7d shows an approximately linear symmetric spreading even this is an instantaneous view under strong forcing. 
The well-known vortex rollup of Kelvin-Helmholtz instability disappears. From this point, with' the further 
increase of Af the primary spanwise vortices in the mixing layer are no longer the Kelvin-Helmholtz vortices, 
but new asymmetric counter- rotating vortex pair. - - - 

When Af is increased further to 18%, the central line of the mixing layer surprisingly begins to. bias to the 
high speed side as displayed in figure 7e and the counter-rotating vortex pair becomes more clear. Compared 
with figure 7d, here the mixing layer spreads to high speed side rapidly at the initial stage until the wall and 
the high speed side is . strongly stirred and mixed, but the low speed side has almost no spreading at all and 
fluid keeps unmixed until x/D « 4.2. The mixing is greatly increased in the high speed side, but decreased 
i. n -t-he-low-speed-side-Gompared-with-fi^ 

between mixed high speed side and unmixed low speed side, the streaks of color are stretched first toward to 
downstream direction within x/D = 1, then toward to high speed side within x/D as 1 ~ 1.2, and then towards 
to upstream within x/D « 1.2 ~ 3. The initial phase angle of the forcing cycle is nearly the same between 
the two pictures of figure 7b and e. Within x/D « 3, the streak number is 13 in figure 7e and 8 in figure 7b. 
Since the forcing frequency is the same, the initial wave length should also be approximately the same for the 
two cases. This could indicate that the average convection velocity between the mixed high speed side and- the 
unmixed low speed side is decelerated within x/D « 3. Downstream of x/D « 3, the color streaks from low 
speed side are again- stretched toward downstream direction. - . 

When Af is around 32%, figure 7f shows that, only the first counter-rotating vortex pair beyond the trailing 
edge; is distinguished. No large structure can be seen after x/D « 1.5 due to the dramatic mixing. The low 
speed streaks mentioned in figure 7e is suppressed within x/D « 1. Compared with figure 7e, the mixing layer 
spreads again to the low speed side. It is worthy to mention that the large vortex immediately downstream of 
the trailing edge here is not due to 'collective interaction', since the forcing frequency is in the mode I, where 
no many vortex merging can be observed. The large vortex is actually an asymmetric counter-rotating vortex 
pair here. 

Finally, when Af is about 52% the disturbance is so strong due to the high receptivity that the flow has 
already become turbulence with small scale structures filling the whole flow in the cross section immediately 
downstream of the trailing edge as shown in figure 7g. The corresponding d8 v /dx seems to achieve its climactic 
mixing state, i.e. about 180° for this situation, indicating again that the enhancement of vortex merging is not 
the only way to enhance mixing. No large structure can be observed immediately downstream of the trailing 
edge because of the dramatic turbulent mixing. The scalar in the whole flow field of test section becomes 
homogeneous for each downstream position. An quantitative measurement of extremely high spatial resolution 



of about 4 (//m) 3 with laser induced fluorescence (Wang 1999) also shows that the concentration distribution 
along transverse direction is approximately homogeneous for a given downstream position near the trailing edge. 
This corresponds actually to the culminate state that turbulence control can do to enhance mixing. Figure 7 
indicates that the confined mixing layer has an extremely high receptivity when it is forced at 5.6 Hz, (i.e. the 
new receptivity mechanism). The corresponding cross view of figure 7 is shown in figure 8. 

The above mentioned phenomena of unusual bias, asymmetric counter-rotating vortex pair and dramatic 
mixing under strong forcing would be related to the streamwise vortices, which are shown below. Figure 8 
displays the cross view of the corresponding streamwise vortices of the flows shown in figure 7 at x/D = 0.2. 
The unforced situation is shown in figure 8a. The Type A Vortices are not symmetric to the horizontal plane 
passing through the pipe axis, but are symmetric to the vertical one. The vortices of high speed side are smaller 
than that of low speed side. The fluid of the low speed side moves to the high speed side along the pipe wall. 
Figure 8b shows the case with forcing A f of about 1.5%. No essential difference for Type A Vortices can be 
observed between figure 8a and figure 8b except that the interface between high and low speed is more distorted 
near Type A Vortices in figure 8b. However, in figure 8c, where A f is about 5%, the Type A Vortices are 
apparently amplified, and begin to be similar to their corresponding ones in the wake with A = 0, i.e. the 
vortices of the counter-rotating vortex pairs from the high and low speed side have nearly the same size. It is 
interesting that this situation corresponds to the case where the primary counter-rotating vortex pairs in the 
side view of figure 7c begin to emerge. This means that the primary and secondary counter-rotating vortices 
would occur under almost the same conditions and they could also be correlated to each other. The reason is 
that, there is an initial wake in the mixing layer (Ho k Huang 1982), whose effect could play a dominating role 
when the forcing is sufficiently strong. 

When Af is increased to 8% as shown in figure 8d, the Type A Vortices do not propagate to the axis of the 
pipe as the case of wake of A = 0, but at an angle to the high speed side. Under the same condition, the central 
line of the mixing layer in figure 7d begins not to bias to the low speed side. This would be reason why the 
central line of the mixing layer does not bias to the low speed side under strong forcing. 

In figure 8e, Af is about 18%, the angle is increased and the mixing layer is biased to the high speed side. 
The size of Type A Vortices is larger than that in figure 8d. With further increase of A f to around 32%, Type 
A Vortices are further increased, as shown in figure 8f, and there is almost no difference between the size of 
the Type A Vortices of the low and high speed side. Until A f is around 52%, the disturbance is so strong, 
that Type A Vortices are rapidly amplified and broken down. The flow becomes turbulence without any visible 
transitional process and thus no distinguish large structures of Type A Vortices can be observed. 

Figure 8 also indicates that the Type A Vortices and the spanwise structures positively give impulse back 
to strengthen each other. Since traditional Kelvin-Helmholtz instability has no such a fast spread, Type A 
Vortices should be the reason of the dramatic spread of the mixing layer under the new instability mechanism. 
The results also show that the Type A Vortices are very sensitive to the strong forcing of the new instability 
with no apparent saturation before the state of figure 8g is achieved. 

The effect of A f on the spanwise structures strongly depends on the instability mechanism similar to the 
cases of figure 6. A f influence is much smaller for the traditional Kelvin-Helmholtz instability mechanism than 
for the new instability mechanism. This is shown in figure 9, which displays the effects of A f for two different 
//, i.e. different receptivity mechanism in a mixing layer with U x = 30 cm/s and U 2 - 20 cm/ s respectively. 
// are 6 Hz and 16 Hz respectively. The / 0 i for Kelvin-Helmholtz instability is estimated to be 43 Hz (see also 
figure 10). Hence the forcing at 6 Hz corresponds to the above mentioned new instability and 16 Hz to the 
mode II of Kelvin-Helmholtz instability. 

There is no forcing in figure 9a and // is 6 Hz from figure 9b to figure 9f. In figure 9b, where A f is around 
1.5%, the collective interaction is clearly visible, since // is much lower than f 01 . A f is about 7% in figure 9c. 
It is the critical point where the collective interaction is almost not visible and the response frequency f r of 
the mixing layer no longer obeys the rule of the mode diagram observed by Ho k Huang (1982), but equals 
to //. The dS v /dx increases very fast downstream in the initial stage as A f increases. The corresponding fast 
developing of Type A Vortices in figure 9c is shown in figure 6a, b and c. In figure 9d, where A f is so high 
(about 16%) that the asymmetric counter-rotation vortex pair forms directly downstream of the trailing edge 
and no collective interaction can be seen. The saturation of Af is still not emerged. In figure 9e, where Af is 
about 40%, dS v /dx is further increased. In this case, the first counter-rotating vortex pair is already broken 
down due to the strong disturbance, but the leg of the first counter-rotating vortex pair is still distinguished 
immediately downstream of the trailing edge. The spreading angle is slightly smaller than 180°. When A f is 
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increased to about 50%, figure 9f shows that the spreading angle become approximately 180°. This implies that 
Af does not saturate even at the value of 40%. 

However, the influence of Af on the dynamics of the mixing layer shows quite different result with // = 16 
Hz, which is displayed from figure 9g to figure 9j. The forcing A f from figure 9g to figure 9j are around 7%, 16%, 
40% and 50% respectively. In figure 9g, where A f is around 7%, the forced flow is similar to that of a forced 
traditional two-dimensional mixing layer. Compared with figure 9a, the forced dS v /dx in the near field in figure 
9g nearly doubles that of the unforced one. However, compared with figure 9c, d5 v /dx in figure 9g is apparently 
smaller. Figure 6d, e and f show the corresponding relatively slow developing of Type A Vortices. This confirms 
that the amplification of spanwise structures is closely related to their corresponding Type A Vortices. As A f is 
increased to 16%, there is only a small change of dS v /dx within x/D = 2 due to the very high A f which makes 
initial wake distinguished in figure 9h. Since the amplification of the initial wake is very small, it disappears 
further downstream because of the mixing layer. Therefore in this case the initial wake has no strong influence 
on the dynamics of the mixing layer. Comparing figure 9g and figure 9h, we find no distinguishing difference 
between their d5 v /dx values, considering the development of the mixing layer further downstream. The result 
indicates that Af is already saturated at about 7%. With further increase of Af to 40% and 50% respectively 
in figure 9i and 9j, no apparent increase in d5 v /dx can be obtained due to the well-known saturation effect. All 
dS v /dx with // = 16 Hz is smaller than that of figure 9b where // is 6 Hz. In general, the results from figure 
9g to figure 9j are similar to that of the traditional forced mixing layer, e.g., that of Fiedler & Mensing (1985). 

The large different responses to Af under the different // in figure 9 indicate that the effect of Af on the 
dynamics of the mixing layer is related to the receptivity mechanism of forcing. Even though the flow is unstable 
to the external disturbance under traditional receptivity mechanism, the effect of Af is limited, and so is the 
increase of d5 v /dx, since for high Af, saturation makes the flow nearly independent of Af. However, for the new 
receptivity mechanism, Af has strong influence although it is already very high. No apparent saturation can be 
observed until the flow achieves almost 180° of spreading rate with small structure filling the space immediately 
downstream of the trailing edge. . * 

The investigations of large Af influence on free turbulent flows are relatively too few, especially . for mixing 
layer. Oster & Wygnanski (1982) showed a saturation trend of forcing amplitude influence and also suggested 
that at larger Af the mixing layer resonated with the imposed oscillation in the region II. Fiedler and Mensing 
(1985) studied the influence of Af and found that in a plane mixing layer, the effect of Af reached saturation 
when it was as high as 6.5%. In the mean, the forced flow always experienced stronger spread than the natural 
one. It was approximately twice the neutral value and independent of Af. However, figure 7 indicates that there 
4s-no-sueh-saturation-an 

forcing is far larger than twice of the neutral one. If the forcing is higher than this narrow frequency-band (e.g. 
higher than 10 Hz in figure 7), the receptivity will be very small or there may be no receptivity ; at all even 
though the A f is very high. Hence, although Ho & Huang (1982) proposed that the forcing frequency had the 
most pronounced effect on the mixing layer, the results here indicate that Af also has strong influence on the 
confined mixing layer, but only for the new receptivity mechanism. . , 

Corcos & Lin (1984) found numerically that the growth rate of three-dimensional linear instability remained 
relatively constant during the rollup phase, but vortex mergings considerably delayed the linear development 
of the streamwise vortices. Metcalfe et ai. (1987) observed that pairing might inhibit the three-dimensional 
instability, while suppression of pairing may drive the three-dimensional mode to turbulent-like states. These 
seem to be identical to the result shown in figure 5, where there is no vortex merging for the spanwise structures 
since the forcing is in mode I, and the growth rate of the streamwise vortices is very high under forcing. However, 
as shown in figure 9b and c, although there is vortex merging for the spanwise structures, the streamwise 
vortices still continuously grow very fast under forcing of the new instability mechanism. This indicates that 
the development of streamwise structure depends not only on the merging of the spanwise structures, but also 
the instability mechanism of the streamwise structures, at least in the confined configuration. 

When the mixing layers are initially laminar, they become eventually turbulent in a process know as the 
small-scale transition. For scalar mixing, Konrad (1976) proposed a concept called 'mixing transition', which 
took place at downstream position, where the molecular 'mixedness' of scalar increased dramatically following 
the small scale transition (Konrad 1976; Breidenthal 1981; Koochesfahani 1984). Roshko (1991) suggested that 
the small scale transition was found to begin after the vortex merging and unlimited increase of the initial 
Re eo would eventually move the small scale transition to the separation point. The Ree for the transition in 
water channel is 750 < Re e < 1700 (Jimenez, Martinez- Val & Rebollo 1979, Breidenthal 1981 and Ho & Huerre 
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1984). However, figure 7g shows that the small scale transition takes place immediately downstream of the 
trailing edge without the vortex merging and the corresponding Ree 0 is not unlimited. Under the forcing of 
the new instability, the transition can also occur at Ree much smaller than the above mentioned range. The 
rapid mixing similar to figure 7g can also be obtained at Reynolds number Re D = DU/v = 400 based on pipe 
diameter D, where A f is about 100% and f f is 6 Hz (Wang 1999). For this case Re 9 should be smaller than 400 
because the initial 6 0 is smaller than D. These results indicate that the mechanism of the transition to small 
scale here could be different from the traditional one. 

3.4 Influence of initial Reynolds number 

In the present work, the Re &0 is increased through the increase of stream velocity, i.e. Ree 0 ~ 0oU ~ U 1/2 , 
since the flow at the trailing edge for all Re 0o investigated is laminar (this is also certified through visualization) 
due to the settling chamber and contraction in the nozzle. For a given mixing layer, the Strouhal number St nl 
corresponding to / 0 i of the Kelvin-Helmholtz instability, is a constant (Ho k Huerre 1984), i.e. 

St n i — fo\8o/U = constant. (2) 

The momentum thickness 6 X and 0 2 of the boundary layers on the splitter plate scale with £/i~ 1/2 and £/ 2 ~ 1/2 
respectively when Re 0o is not very high. Thus, the initial 6 0 of the mixing layer is approximately proportional 
to t/ -1 / 2 , i.e. 

0o = (0i+0 2 )~l/tr 1/2 . (3) 
• - For a constant St n \ 

• /oi~C/ 3/2 . (4) 

i.e. for a traditional two-dimensional mixing layer, there is only one / 0 i, which increases with /7 3/2 . 

However, figure 10 shows that for each given U, the scalar power spectrum has two peaks: one of which 
approximately increases with U 3/2 and the other approximately a constant. The two frequencies corresponding 
to the peaks are incommensurable, i.e. the low frequency is not the subharmonics of the higher one. The 
measurement is undergone at x/D = 0.7 without forcing. For the three cases in figure 10, U are 7.5, 25 and 50 
cm/s respectively with a constant A = 0.2. For U = 7.5 cm/s, we have mentioned in figure 2 that the frequency 
corresponding to the new instability and / 0 i are 6 and 7.2 Hz respectively, but here the two peaks are a little 
smaller than 6 and 7.2 Hz respectively. This is because the measurement is not <itx/D = 0, and the measured 
frequencies decrease with the increase of x. With the increase of U, the relative difference between the measured 
frequency at measuring point and the vortex passage frequency at the beginning of the mixing layer decreases. 
The quasi 6 Hz of the primary structure can also be seen in figure 9, where figure 9a (no forcing) and figure 
9b (forced at 6 Hz) have approximately the same phase angle of the structure as indicated by the vertical line. 
The quasi-periodic large structure in figure 9b corresponds to the forced structure of 6 Hz. 

Figure 10 indicates that there are two most-probable frequencies: one corresponds to / 0 i of the traditional 
. Kelvin-Helmholtz instability, and the other to f 02 of the new instability. Their relations to U are displayed in 
figure 11, where /oi approximately increases with U s/2 , but f 02 is approximately a constant within a narrow 
frequency band of 5 - 7 Hz. Since Ho & Huang (1982) suggested that f 0 i scaled with the boundary layer of the 
high speed, A used for figure 11 was a constant of 0.33 to ensure that equation (4) be as accurate as possible. 

Figure 11 is actually not limited only to A = 0.33. It is also true for other values of A and U. The U used 
in this work is in the range of 1 - 80 cm/s and A in 0 - 1. / 02 is almost a constant and independent of U and 
A within this range. The possible highest U\ and U 2 , which can be provided in the experimental apparatus are 
120 cm/s and 40 cm/s respectively. Its corresponding / 02 is also about 6 Hz. It is just under the forcing of this 
frequency band that the flow has a receptivity much higher than that of the traditional two-dimensional mixing 
layers. This again shows that narrow band of 6 Hz corresponding to a new instability mechanism. 

* Another interesting thing is that the confined mixing layer has a higher receptivity at relatively low Re Bo , 
especially when A f is high. This is demonstrated in figure 12, where the flow velocity is the same as figure 2, 
i.e. Ui = 9 cm/s, U 2 = 6 cm/s, but with a constant // = 3.2 Hz and different A/, i.e. in the mode II. A is 
the same as figure 9, where // is 16 Hz and also in mode II, but higher Re 9o . The A f are 7%, 16%, and 50% 
for figure 12a, b and c respectively. The corresponding unforced case is shown in figure 2a. It is found that 
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the forced flows have much wider spreadings compared with figure 9g, h, and j even though they are in the 
same mode II and have the same A f . Accordingly, the flow in the confined configuration is easier to control 
at lower Re 0o than at higher Re& 0 in the view point of the receptivity. The forcing is not saturated in figure 
12b and dS v /dx of the mixing layer in figure 12c is much higher than that of its corresponding two-dimensional 
mixing layer. Therefore, the confined mixing layer at low Ree 0 with / 0 i close to or smaller than / 02 has higher 
receptivity than its corresponding traditional two-dimensional mixing layer when // is smaller than / 0 2- 

The side views show that when Af is not very high (e.g. less than 16%), the mixing layer is dominated by 
the Kelvin-Helmholtz instability. The primary vortices in figure 12c show, however, some similar topology to 
those in figure 7d and figure 9d (i.e. asymmetric counter-rotating vortex pair). This could indicate that the 
new receptivity has partially influenced the confined mixing layer under strong forcing (e.g. here when Af is 
about 50%). It also needs to be mentioned that if the flow is also forced at 5.6 Hz with the same forcing level, 
the result is similar to that of figure 7 and hence is not shown here. This indicates that although the // (smaller 
than /02) has higher receptivity at relatively low Reo 0 than at high Re &0 in mode II, its receptivity is lower 
than that of // = /02* ? 

The critical forcing amplitude Af cX required to change d5 v /dx of the unforced mixing layer for the new 
receptivity is found to decreases with increase of Reo = DU jv as shown in figure 13. The fact that the Af c \ 
decreases with Reo could indicate that the viscosity might have a influence through wall on the confined mixing 
layer when Reo is sufficiently low. 

3.5 Velocity ratio A 

For the unforced and weakly forced mixing layer, dS v /dx increases with A as shown in figure 14a and b. In 
figure 14a, Ui and A are 48 cm/s and 0.2 respectively. In figure 14b Ui and A are 60 cm/s and 0.5 respectively. 
There is no forcing for these two cases and their initial Re 0o are nearly the same. Obviously dd v /dx in figure 
14b is higher than that in figure 14a. This is identical to what Monkewitz and Huerre (1982) pointed out, i.e. 
the higher the A, the larger dS v /dx. However, for the strong forcing, the difference of the shear layer spread 
becomes smaller as displayed in figure 14c (the forced case of figure 14a) and figure 14d (the forced case of figure 
14b). The forcing // and Af are the same for both cases, and are 6 Hz and about 20% respectively. 

As we have seen from figure 7c and d that when Af is sufficient high, there will be asymmetric counter- 
rotating vortex pairs for the primary structures and they are no longer pure Kelvin-Helmholtz vortices. Here is 
the starting point where the strongly forced mixing layer in the confined configuration is qualitatively different 
-from-the-traditional-forced-two 

higher the needed Af to produce the counter-rotating vortex pair. This critical Af is denoted by A/ c2 . The 
result is shown in figure 15, where U is 7.5 cm/s. It is also found that A has no apparent influence on /02, i.e. 
f 02 is almost independent of A. 

4 Discussion 

4.1 Some comments on the experimental results 

As we know, in the initial stage, the mixing layer has a wake (Ho & Huang 1982). Usually due to the sharp 
trailing edge and the Kelvin-Helmholtz instability, such a wake is not visible through visualization. However, 
under strong forcing, the initial vorticity disturbance of primary vortex is very high and the rollup of vortex 
occurs near the trailing edge. As a result, the wake effect will be strong and become distinguished. In wake flows, 
there are counter-rotating vortices. This could be the reason that when the forcing amplitude is sufficiently 
high, the counter-rotating primary vortices emerge. However, such counter- rotating primary vortices should 
not be the only reason of the high receptivity. Since in a plane wake with A = 0, if the flow is not forced under 
the new instability mechanism, no such a dramatic mixing can be obtained (Wang 2000b). 

Fiedler et ah (1981) reported that forcing causes the strongest spreading on the low speed side of a mixing 
layer. No report has shown that the central line of a mixing layer could bias to the high speed side and there 
could be an asymmetric counter-rotating vortex pair in a mixing layer as shown in figure 7. The above mentioned 
initial wake in the mixing layer would be one reason for the unusual bias, but not the only one, since it is difficult 
to explain the bias to the high speed side. Although the bias of the Type A Vortices and the spanwise structure 
is related to each other as shown in figure 7 and figure 8, it is not clear which is the cause. 
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Ho & Nosseir (1981) observed a phenomenon called 'collective interaction 1 , under which the shear layer 
displayed an extremely large spreading rate. To achieve the collective interaction, the required A f should be 
very high and the // much lower than the / 0 i. Ho k Huang (1982) further pointed out that if Af was extremely 
high and close to the saturation level, the mixing layer could form a large vortex directly. Although figure 7e 
and f display a large vortex immediately downstream of the trailing edge, the collective interaction should not 
be the reason for such a large spreading shear layer here at 5.6 Hz. This is due to the fact that the // (5.6 
Hz) here is in the mode I and only 0.78 times smaller than / 01 , i.e., it is not very low frequency. Although 
// (— 6 Hz) is much smaller than f 0 i in figure 9b and the collective interaction occurs therein, the formed 
large counter-rotating vortex pair in figure 9d are not similar to the vortices induced only by Kelvin-Helmholtz 
instability. Furthermore, the Af is still not saturated in figure 9d. Hence the collective interaction observed 
in figure 9 is only a coincidence with the new instability mechanism. The response of the mixing layers to A f 
in figure 7 with // = 5.6 Hz and figure 9 with // = 6 Hz are similar although their A and Re 0o are different. 
The difference of values of // for the two cases is relatively small and the // corresponding to the maximum 
receptivity can approximately be regarded as a constant. The extremely fast spreading of the mixing layers 
in these two cases indicates that they correspond to the same new instability mechanism, which are related to 
Type A Vortices. This can also be seen by referring to figures 9 and 6, which can explain why the forcing of 6 
Hz has a much higher d5 v /dx than the traditional two-dimensional mixing layer does in figure 9. 

Similar result to figure 12 can also be obtained for other mixing layers, where Re 0o is smaller than that 
in figure 2. Since f 0i is close to / 02 in figure 2, it could imply that when / 0 i is close to or smaller than / 02 , 
the new receptivity could partially contribute to the development of the mixing layer for // smaller than / 02 , 
even though it is not within the narrow band of / 02 . The reason for the large receptivity of the low Re 0Q could 
probably be due to the fact that low Re 0o has / 0 i close to or smaller than / 02 . At low Re 0Q) whose f 0 x is close 
or lower than / 02 , the two instabilities could influence the mixing layer for // lower than / 02 in the confined 
mixing layer under strong forcing. Thus the corresponding receptivity may also be relatively high. This could 
be the reason why the receptivity in figure 12 is higher than that in figure 9 with // = 16 Hz, although both 
cases are in the same mode II. This could probably explain the unsolved phenomenon observed by Roberts 
(1985), where the side- wall effect can increase mixing which decreases with the increase in U. Actually the new 
receptivity is related to the so-called side-wall effect. According to the result mentioned above, the lower the 
U , the stronger the new instability influence under forcing, and thus the stronger the side-wall effect. 
. According to the published common and limited range of the spreading rate in mixing layers, Browand and 
Ho (1987) proposed a universal spreading rate for mixing layers, which also includes forced flow situations. 
Dimotakis (1991) remarked that there was a rather large spread of values in the spreading rate of the mixing 
layer, and that it was even not clear whether the inequality bounds represented the actual limiting values. 
Normally, in a two-dimensional mixing layer, the spreading angle at the beginning is no larger than 30° when 
forcing is applied, and the half-velocity isotach is moved slightly to the lower velocity side. However, figure 
11 and 12 indicates that the Kelvin-Helmholtz instability and the new one could simultaneously influence the 
mixing layer under forcing. For the forcing of the new receptivity, (e.g. refer to figure 7), the isotach can not 
only keep symmetrically to the trailing edge (i.e. not bias to the low speed side), but also bias to the high 
speed side, where the spreading angles exceed 30° and even reach to 180° (the limitation). Since the side- wall 
and corner always exist (except axisymmetric mixing layer), the new instability could more or less always have 
influence on the mixing layer dynamics. Hence, it seems that there is no a universal spreading regime and the 
strong deviation from known cases might be related to the side-wall effect, streamwise vortices, and in particular 
to the new instability mechanism. 

The small influence of velocity ratio under strong forcing of the new instability would be related to the 
streamwise vortices and initial wake. As we know that Type A Vortices develop very fast with high Af of the 
new instability, this indicates that the streamwise Type A Vortices and the initial wake of the mixing layer 
play an important part for the mixing layer under the strong forcing of the new receptivity and the effect of A 
becomes smaller and negligible. Again this implies that the instability of Type A Vortices is the main reason 
for the rapid spread of the mixing layer under strong forcing of the new instability. With the increase of the 
velocity ratio, the initial disturbance amplifies faster and the bias of the mixing layer to low speed side could 
become stronger. Thus it could need more energy to change the trend of the mixing layer development. This 
would be the reason why the forcing amplitude required to introduce the asymmetric counter-rotating pair of 
the spanwise structures increases with the velocity ratio. 

Since Type A Vortices evolve earlier than the spanwise undulation, which could be the origin of the stream- 
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wise vortices in a traditional two-dimensional mixing layer, it is not clear according to the figure 4, whether 
Type A Vortices have effect on the origin of the undulation and hence, the origin of streamwise vortices in 
the two-dimensional mixing layer. Actually the side-wall and corner always exist in the non-axisymmetric 
two-dimensional mixing layer, the Type A Vortices should always have more or less influence on the mixing 
layer. It is also not clear to what extent they do so. There may be more than one possibility for the origin of 
the streamwise vortices in a traditional two-dimensional mixing layer. The actual result could depend on the 
competition of the strength of each mode for a given situation. 

It should also be pointed out that, traditionally the spreading rate or the width of the free shear layer are 
often used for mixing criterion (e.g. Cantwell 1981). This is actually not always plausible. The mixing criterion 
depends actually on the mixing requirement. If molecular mixing enhancement is the goal of mixing control, 
the shear layer width alone is not enough. This can be seen in figure 2b and figure 2d. It is apparent that the 
shear layer width in figure 2b is higher than that of figure 2d in the initial stage. However, the amount of small 
scales in figure 2d is much higher than that in figure 2b, and so is the molecular mixing. Hence the chemical 
product in figure 2d should also be higher than that in figure 2b. Thus, although d6 v /dx is higher in figure 2b 
than in figure 2d, the molecular mixing should be more in figure 2d than in figure 2b. Details about mixing 
criteria are discussed in Wang (1999). 

4.2 Some comments on the new instability and receptivity 

We have seen that there are two peaks in the scalar power spectrum, / 02 is independent of U, forcing around 

6 Hz demonstrates some unusual phenomena (spanwise asymmetric counter-rotating pairs, unusual bias and 
dramatic spread of the mixing layer). These suggest that forcing around the narrow frequency band of 6 Hz 
corresponds to a new instability mechanism, which is different from the Kelvin-Helmholtz instability. Figure 

7 and 8 shows that the primary and streamwise Type A Vortices have approximately the same size in the 
transverse direction immediately downstream of the mixing layer. Figure 6 and 9 shows that when spanwise 
vortices develop fast, so do the Type A Vortices, and both develop fast when forcing frequency is about 6 Hz 
with sufficiently high forcing amplitude. All these indicate that the new instability is related to the streamwise 
vortices Type A Vortices. ... 

It could , be useful to consider a simplified model for Type A Vortices. In the confined configuration, the 
streamwise corner flow along the junction of the trailing edge and pipe wall, and its interaction with the 
primary vorticity immediately downstream of the trailing edge determine the topology of Type A Vortices. The 
streamwise corner flow alon g the j unction of two plates is subject to inviscid instability due to the inflectional 
nature of the streamwise velocity profile (e.g. Dhanak 1993, Balachhandar k Malik 1995). The corner flow 
is characterized by its secondary flow, which depends on whether the boundary flow is laminar or, turbulent. 
For the laminar corner flow, the secondary flow is outwards from the corner along the plane of symmetry and 
inwards towards the corner close to the walls (e.g. Zamir & Young 1971) as shown in figure 16a. The secondary 
flow in a turbulent corner flow is opposite to that of the laminar corner flow (e.g. Gessener & Jones 1965) as 
shown in figure 16b. , 

The vorticity of the corner flow leaving the trailing edge will interact with the vorticity of the primary flow 
in a complex manner. The produced structures depend on the trailing edge geometry, flow state (i.e., laminar 
or turbulent flow in the corner), with or without forcing, the type of flow (wake with A = 0 or mixing layer) 
and so on. The sharp trailing edge is used here. With no forcing, the corner flow could be laminar in the 
present experimental range of Reynolds number, since the favorable pressure gradient can stabilize the corner 
flow (Zamir & Young 1979). If the primary flow is wake (A = 0), the boundary vorticity. on both side of the 
trailing edge is the same value with different direction. There will be two streamwise counter-rotating vortex 
pairs as shown in figure 17a due to the interaction of the corner vorticity and the primary vorticity (Wang 
2000b). However, if the primary .flow is a mixing layer, there will be only one streamwise counter-rotating 
vortex pair at each side of the wall as shown in figure 17b, resulting mainly from the high speed side. This 
could be because of that the boundary vorticity of the high speed side of the trailing edge is higher than that 
of the low speed side and the low vorticity will be drawn into the high one. 

Under periodic forcing with sufficiently high forcing amplitude, the impulse in the transverse direction at 
the trailing edge is high, since the transverse velocity component is high due to the receptivity at the trailing 
edge. For a wake with A = 0, this impulse will in turn, due to the confinement, positively give the.impulse (and 
thus enhance) only to the vortices which have the same sign with the impulse, although there is originally a 
counter-rotating pair of vorticity along each corner. Therefore, only one counter-rotating vortex pair of Type A 
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vortices are yielded as shown in figure 18a at each side of the wall. For the mixing layer, except the impulse, the 
forcing enhances its initial wake, which is so strong that the Type A vortices in the mixing layer become similar 
to that in a wake with A = 0, as shown in figure 18b. This indicates that there is some difference in Type A 
Vortices with and without forcing in the mixing layer. The Type A vortices shown in figure 18 is applied to both 
laminar and turbulent corner flow for sufficiently high forcing amplitude. The same topology of Type A Vortices 
in wake (A = 0) and mixing layer under strong forcing indicate that, the transverse impulse and initial wake of 
the mixing layer play important role in the evolvement of Type A Vortices. Hence, the model proposed here 
is different from that of Roberts (1985), which is apparently unable to explain the complex situations (Wang 
2000b). ■ 

Figure 8 also implies that the forcing introduces an impulse in transverse direction, which in turn, can 
enhance the development of the Type A Vortices because of the confinement. The development of Type A 
Vortices favors the amplification of the spanwise structure and hence these two kinds of vortices impulse each 
other positively. Since no such a rapid spread in the mixing layer can be obtained for the Kelvin-Helmholtz 
instability, Type A Vortices are supposed to be the corresponding reason. Due to the fast development and 
strong amplification of Type A Vortices in the initial period shown in figure 6, the new instability has a 
much stronger receptivity than the traditional one. Consequently, these three-dimensional mixing layers in the 
confined configuration have a much higher receptivity than its corresponding two-dimensional ones. 

Receptivity describes how an initial external disturbance is conversed into a vortical instability wave. The 
very sensitive response of Type A Vortices to forcing implies that Type A Vortices corresponds to some instability 
mechanism. The input energy from external forcing is conversed into spanwise vortices and Type A Vortices, 
and hence there are two receptivity mechanisms in the confined configuration. We call this phenomenon 'dual 
receptivity' here to distinguish it from the traditional one, since usually the mixing layer is understood to 
have only one receptivity mechanism, i.e. the Kelvin-Helmholtz instability although there is also secondary 
instability. 

The concept of dual receptivity could extend our scope about the instability in the mixing layer although 
Kelvin-Helmholtz instability is more fundamental and has more applications. It is well-known, e.g. from 
Michalke (1965) and Ho & Huerre (1984), that the mixing layer is subject to inviscid instability. The cor- 
responding Strouhal number St nl of the most-amplified frequency is a constant for sufficient high Reynolds 
number and should be independent of Reynolds number. In other words, the dimensional frequency is used 
instead of St n i, the most- amplified frequency at the beginning of the mixing layer scales with mean flow ve- 
locity LV 3 / 2 . However, in the confined mixing layer, as we know, except for the traditional one there is another 
new most-amplified frequency / 02 , which is approximately a constant and independent of mean flow velocity 
as shown in figure 11. Its corresponding Strouhal number St n2 deceases with mean flow velocity £7, and hence 
with initial Reynolds number Re eo (which is increased through 17) if the boundary flows on the trailing edge are 
laminar. Since the corner is always presented in a mixing layer (except some cases, e.g. axisymmetric mixing 
layer) and the side- wall effect has actually more or less influence on the dynamics of mixing layer, the new 
instability should also have influence on the mixing layer dynamics. In this viewpoint, the result here extends 
the scope of classical theory. Figure 19, where a { represents the spatial amplification rate, gives a sketch to 
describe qualitatively the extended result of possible existing instability mechanisms in mixing layers. This can 
at least show the influence of the side-wall on the instability behaviors in mixing layers and provide some new 
scope of receptivity for mixing layer control. Figure 19a uses dimensional frequency and figure 19b dimensionless 
Strouhal number St. 

It seems at first that the narrow band of / 02 is similar to the frequency of organ-pipe (quasi excitation) 
observed by Fiedler & Thies (1978). However, no such a large receptivity was observed in that work. It is not 
clear if the constant / 02 of 6 Hz is the resonance frequency of the water channel or not. If it is the resonance 
frequency, there should always be vibration of the water channel no matter if the fluid is at rest or in motion. An 
experiment was conducted to test it. The actuator forces at 6 Hz with the fluid at rest, and no vibration of the 
water channel can be observed. This could indicate that 6 Hz is not the system resonance frequency of the water 
channel. Although the side-wall has strong influence in the confined configuration, it is also distinguishable from 
Tollmien-Schlichting wave (which is often the main reason for wall-boundary flow receptivity and could also 
be established on the splitter plate and side- wall), since frequency corresponding to the Tollmien-Schlichting 
wave is also related to the mean flow velocity. The feedback mechanism in Ho & Huerre (1984) seems not to 
be related to the new instability, since no primary vortex merging can be observed under strong forcing of the 
narrow forcing frequency band as shown in figure 7. So the feedback mechanism could not be the reason for the 
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Author(s) 

Ho & Huang (1982) 

Mackinnon & Koochesfahani (1997) 

Nygaard & Glezer (1991) 



Channel size (cm 2 ) 



U\ (cm/s) 

9.5 
9.3 
30 



U 2 (cm/s) 



foi(Hz) 



10*10 
4*8 
10*22; 22*22 



5 

9.3 
10 



5.06 
6 
6 



Table 1: References for the most-probable frequencies in water channels. 



new instability. Zhou (2000) suggested that the periodic flow might be related to three dimensional property of 
the experimental setup. The large receptivity of the new instability might also be related to the annular effect 
(Schlichting 1979) due to the high forcing amplitude. It should be mentioned here that the confined mixing 
layer is a three-dimensional flow and more complicated than its corresponding two-dimensional one. 

The reason why the value of /02 is a constant and in the narrow band of 5-7 Hz is still open. Here a 
rather tentative conjecture is proposed. Obviously the new receptivity converses the initial disturbance at least 
partially into the unstable Type A Vortices. We could suppose Type A Vortices as the initial disturbance wave, 
which is responsible for the new instability. If we could see the corner vorticity as the initial inhomogeneous in 
the spanwise direction on the splitter plate, their corresponding wave number should be a constant for a given 
geometry of the channel (here pipe diameter). The interaction of the vorticity of Type A Vortices with primary 
vorticity could induce new waves in spanwise direction, e.g. as shown in figure 4c until some equilibrium state. 
Type A Vortices always exist and are independent of the streamwise mean flow velocity. Since there is no mean 
flow velocity in the spanwise direction, f 02 could therefore be a constant and is independent of streamwise mean 
flow velocity.' Unfortunately no other geometry is investigated. Interestingly in some other publications with 
water channels, the most-probable frequencies are also within the narrow frequency band of 6 Hz shown in the 
following table 1 for several examples. * 

According to figure 10, both the Kelvin-Helmholtz instability and the new instability could have influence 
on the mixing layer dynamics simultaneously. Figure 7 shows that if the forcing amplitude is not high, the 
new instability has little effect and the mixing layer development in the confined configuration is similar to 
that in the conventional two-dimensional mixing layers. This could imply that if the difference between f 0 i 
-and-/oT-is-not-very4argerthe-^^ 

to be influenced by /02. It is not clear to what degree the new instability could affect the measurement of / 0 i, 
especially when the difference between the two frequencies is not large. The / 0 i is 5.06 Hz in Ho & Huang 
(1982) with Ui = 9.5 and U 2 = 5 cm/s respectively. This result is nearly identical to the present result of f 0 i 
= 7.2 Hz with Ui = 9 and U 2 - 6 cm/s respectively. However, in the experiment of Nygaard & Glezer (1991), 
the mean flow velocity is relatively high, i.e. U% = 30 and U 2 = 10 cm/s respectively, but / 0 i is" also 6 Hz. 
Although the initial momentum thickness can also influence the most-amplified frequency, the above argument 
should not be neglected. In the work of Mackinnon & Koochesfahani (1997), where U\ =V\ = 9 cm/s and/01 
is approximately 6 Hz, // = 6 Hz is used to force the wake and the influence of Type A Vortices for the mixing 
enhancement is obvious. However, in Wang (2000b), if the / 0 i is much larger than / 02 , the forcing influence at 
// close to /01 is limited. Therefore the new instability could have partially influenced the result in Mackinnon 
& Koochesfahani (1997). 

Finally, it is necessary to mention that even if the mechanism of the new receptivity is not clear, one thing 
is already clear: the large receptivity and thereby the corresponding extraordinary dramatic mixing is very 
attractive to and would provide new opportunity for mixing enhancement of mixers, reactors and combustion 
in industry. For instance, the corresponding mixing process also has the most of the advantages of those 
micromixers, which are now poised to generate big waves in chemical and pharmaceutical industry. The related 
application topic is referred to Wang (2000a). 



Squire theorem (1933) tells us that, the three-dimensional flow has a smaller amplification than its corre- 
sponding two-dimensional flow. Wall usually could make a flow more stable, since near the wall the viscosity 



4.3 Some comments on side-wall effect and flow control 



17 



has more influence to decay the disturbance than a wall-free shear flow (although in a wall boundary laminar 
flow, viscosity can also result in instability.) Based on these viewpoints, the confined mixing layer ought to have 
smaller receptivity than its corresponding two-dimensional mixing layer. However, the experimental results of 
this work tell us in contrast that the receptivity is stronger in a confined plane mixing layer than in the two- 
dimensional mixing layer due to the Type A Vortices. This implies that the wall has two effects: On the one 
hand, it makes the flow more stable in response to the external disturbance; on the other hand, the confinement 
of the wall facilitates the streamwise vortices which, in turn, increase the receptivity of the flow. 

Most of our present understanding of receptivity is limited to small disturbance amplitude. When the 
coherent transverse velocity component v of the vortical instability wave is sufficiently large, saturation will 
occur in a conventional two-dimensional mixing layer. Its corresponding spatial amplification rate -a* is then 
very small and thus the value of v is limited. However, in some processes concerning the control of fluids mixing, 
acoustic noise control, and reactor (i.e. in combustion) instability, both large v and -a* could be desirable. If 
the value of coherent velocity component v is large in the initial stage, the turbulent mixing will be stronger. 
The fluids will then be more homogeneous for mixing in combustion and reaction flow in a reactor (especially 
for the whole flow field), and the combustion could be more stable and the noise can be smaller. When its initial 
value is small, v will not 1 be large in a limited developing space even if the spatial amplification rate -a; is 
large. If the flow can accept large external disturbance, that means, v is large even at the beginning of the shear 
layer, and if -a; is also large, a much larger v can be obtained even in a limited initial developing distance. 
In such a case, a new criterion is suggested here for receptivity. It can be the product of disturbance and 
amplification rate, i.e. -a^, for instance, in a spatial mode. We call it 'receptivity capacity' here. According 
to the experimental results, e.g. figure 7, it can be conjectured that, the above mentioned new instability has a 
larger receptivity capacity in the immediate vicinity of the trailing edge than the traditional one does, especially 
for the very high forcing amplitude. 

Although very high forcing amplitude is needed for the extraordinarily fast mixing, it is worth mentioning 
that the new receptivity here is not simply just a result of a large disturbance or mechanical stirring, and therefore 
not of interest of studying receptivity. It is a phenomenon of receptivity, since only when the disturbance is in 
the narrow frequency band, there is the large receptivity. If the disturbance is not in the narrow band, there 
can be no receptivity at all even though the disturbance can be larger at too high a forcing frequency. This is 
the important difference between the confined mixing layer and the agitated tank used in chemical industrial, 
where the higher the rotation rate of the turbine impeller, the stronger the mixing. 

Traditionally the philosophy of control is that a small disturbance produces a large effect like Tai-Chi-Chuan 
principle: use only 0.2 kg to move 500 kg. In fluid mechanics, a small initial disturbance is introduced to the 
flow to expect a large effect, e.g. mixing augmentation in free shear flows. It is fine and should be the first 
candidate for use if this is possible and sufficient for the practical requirement. Unfortunately the coherent 
velocity component v due to the amplification of a small initial disturbance is, in many cases, not large enough, 
for instance, for mixing dominating processes with fast chemical reaction, since rapid mixing process needs first 
large v to achieve macromixing and then to develop from large to small scale to provide favorable condition for 
molecular mixing. As figure 9 indicated, the traditional mixing enhancement under active control is limited. 
The rapid mixing in the whole local position needs large receptivity capacity as mentioned above. For this 
reason, the philosophy for turbulence control could be: when a small disturbance is sufficient for a practical 
aim, it is preferable to use it; however, a large disturbance can be considered for use to produce a larger effect 
if the effect of a small disturbance is limited and not enough. 

5 Summary and conclusion 

It seems that the confined mixing layer in a pipe is a very interesting flow, where there are two different receptiv- 
ity mechanisms. One of them corresponds to the traditional two-dimensional Kelvin-Helmholtz instability and 
the other to a new instability, in which the mixing layer exhibits several unusual phenomena. The central line of 
the mixing layer does not bias to the low speed side, but to the high speed side under strong forcing of the new 
instability. The primary structures in the mixing layer become asymmetric counter-rotating vortex pairs under 
strong forcing, which are also anomalous to the 'normal' mixing layer, where the Kelvin-Helmholtz vortices have 
only one sign. The new instability has a much higher receptivity than the traditional one, which is limited by the 
well-known saturation phenomenon of the high forcing amplitude. It seems that there is no universal spreading 
rate for the mixing layer under forcing at least for the confined configuration. The maximum spreading rate 
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can be as high as 180°. The inherent frequency of the new instability mechanism is within a narrow band of 
approximately 5-7 Hz and is independent of the mean flow velocity. Hence, the corresponding Strouhal number 
is not a constant and decreases with initial Reynolds number. Since there may be no primary vortex merging at 
all for the forcing of the new instability, the vortex merging is not necessarily the main reason for the enhanced 
entrainment and mixing in the confined configuration. When the most-amplified frequency of Kelvin-Helmholtz 
instability is close to or smaller than its inherent narrow frequency band, the new instability will have partial 
influence on the mixing layer development. In these cases, the forcing frequency is not much higher than the 
most-amplified frequency of Kelvin-Helmholtz instability and is not necessarily within the inherent frequency 
band of the new instability. 

The streamwise vortices play an important role for the mixing layers in the confined configuration. There 
are many different types of streamwise vortices and among them Type A Vortices are the most important ones 
for the mixing layer dynamics, especially under strong forcing, since they are related to the new receptivity 
mechanism. The Type A Vortices, which are counter-rotating vortex pairs, originate from the interaction of the 
vorticity stemmed from the corner flow between the splitter plate and the pipe wall, and the vorticity of the 
spanwise structure of the mixing layer immediately downstream of the trailing edge. They amplify very fast in 
the initial stage, resulting in the dramatic spread of the primary structures under forcing of the new instability. 
This could also be the reason that the effect of velocity ratio becomes neglected when the forcing amplitude is 
high under the forcing of the new receptivity, where the initial wake of the mixing layer becomes important. 

The work here not only shows the influence of side- wall, but also displays how the side- wall affects the mixing 
layer under forcing through the streamwise vortices. However, the mechanism of the new instability and the 
extent of side-wall effect is still not clear, and the velocity field has not been measured. Further investigations 
are needed. 
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Figure 2: Influence of // for a mixing layer with Ui = 9 cm/s and Ui = 6 cm/s under a constant A/ of about 6.5%. 
(a) // = 0 Hz (unforced case); (b) 2.4 Hz; (c) 4.4 Hz; (d) 6.0 Hz; (e) 7.2 Hz; (f) 9.0 Hz. 
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Figure 3: Four types of the streainwise vortices, (a) Forced Type A Vortices: Ui = 3 cm/s } Ui = 1 cm/s, // = 6 Hz, 
A f is about 3.5% at x/D ~ 1; (b) Forced Type B Vortices: Ui = 9 cm/s, U2 = 6 cm/s, // = 2.6 Hz, A/ is about 8% at 
x/D = 4; (c) Forced Type C Vortices: Z7i = 3 cm/s, t/2 = 1 cm/s, // = 6 Hz, A f is about 3.5% at x/D = 4; (d) Forced 
Type D Vortices: Ui = 4 cm/s, */ 2 = 1 cm/s, // = 6 Hz, Aj is about 5% at x/D - 7. 
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Figure 4: Evolution of the streamwise Type A Vortices along streamwise positions in a mixing layer without forcing. 
Ui = 9 cm/s, U 2 = 6 cm/s. (a) x/D = 0.2; (b) 1; (c) 2; (d) 4. 
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Figure 5: Evolution of the streamwise Type A Vortices in a mixing layer with forcing. Ui = 9 cm/s, U2 = 6 cm/s, / 
5.6 Hz, Af is around 6%. (a) x/D = 0.2; (b) 1; (c) 2; (d) 4. 
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Figure 6- Comparison for different receptivity mechanism through streamwise vortices -with Ui = 30 cm/s, U 2 - 20 
cm/s and A f = 7%. // = 6 Hz for (a) x/D = 0.2; (b) 1; (c) 2. // = 16 Hz for (d) x/D = 0.2; (e) 1; (f) 2. 
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Figure 7: Influence of A f under // = 5.6 Hz for a mixing layer of Ui = 10 cm/s and U 2 = 5 cm/s. (a) Ar = 0 (unforced 
case); (b) 1.5%; (c) 5%; (d) 8%; (e) 18%; (f) 32%. (g) 52%. 
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Figure 8: Streanrwise vortices at x/D = 0.2 with forcing for different A f in a mixing layer of Ui = 10 cm/s, U2 
cm/s at // = 5.6 Hz. (a) A, - 0 (unforced case); (b) 1.5%; (c) 5%; (d) 8%; (e) 18%; (f) 32%. (g) 52%. 
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Figure 9: Comparison of the influence of different forcing mechanisms on a mixing layer with Ui = 30 cm/s and U 2 
20 cm/s. // = 6 Hz (new instability): (a) A f = 0 (unforced case); (b) 1.5%; (c) 7.0%; (d) 16%; (e) 40%; (f) 50%. // 
16 Hz (mode II of conventional Kelvin-Helmholtz instability): (g) A f 7.0%; (h) 16%; (i) 40%; (j) 50%. 
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Figure 10: Scalar power spectrum in unforced mixing layers with various U for a constant A =0.2. 
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Mean flow velocity U 



Figure 11: Relationship of / 0 i, /02 to U for a constant A = 0.33. 
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Figure 12: Forcing at lower Re &0 where // = 3.2 Hz, Ui = 9 cm/s and U2 = 6 cm/s with different A/, (a) A/ = 7%; 
(b) 16%; (c) 52%. 
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Figure 13: Critical forcing amplitude Af needed to change the spreading rate of the mixing layer at // = 6 Hz and A 
= 0.5. 
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Figure 14: Comparison of A influence with and without forcing, (a) Ui = 48 cm/s, A = 0.2, Af = 0; (b) Ui = 60 cm/s, 
A = 0.5, Af = 0; (c) Ui = 48 cm/s, A = 0.2, A f = 20%; (d) Ui = 60 cm/s, A = 0.5, A f = 20%. 
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Figure 16: Model of the secondary flow along the streamwise corner. 
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Figure 19: Sketch of qualitative amplification curves with Reynolds number Re. The solid curve represents Kelvin- 
Helmholdz instability and the dotted curve denotes the new instability. 
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jbe 8. Overall flow development with pairing and enlarged sequences of flow near trailing 
edge with preceding pairing: strong excitation with disturbed separation conditions. 




Figure 9. Overall flow development without pairing and enlarged sequences of flow near 
trailing edge: strong excitation with clean separation condition. 



0> 





1 

eg 

ai 







£3 x ET ST 

K v ffl CD 




5 



1=1 



* 1' 

5 *S 
a 3. 

8| 



^ s 

II p 

I It 



GO 
13 
9> 





1 



1 



•3 

•3 

■8 



a. 




s 



a 
£ 
< 





o 00 in rj a >C w <fl 
T &. r-J on r-l d 



I 



.2 C 

■s i 

8.8 



s *2 

= 1 
.2 1 



$3 



> 3 
2 $ 

s> 5 



3 




3 

<t> 

B 

S 
3 

S 

cd 

3 



cd 0* g 
R» §5 ^ 

= S 3* 
3 

ET 

CP 



B- g 
5* a- h 



ct 

P 

5 



sr »-i CL 

§ 3 2 

3 S3 P 



00 CD 

§ % 

n . CD 

zr. *t 

CD p 

5' 3 

.ST TO 



^. a- _ 

as * p 

85.® K 

£ p X 

sr. 3. - 

O S3 
3 TO 



i p 

5 



i o 



p 



5 2 (D 



S 8 

I 8 

9 | 

CD P 

5 £■ 

La o' 

& ? ® 8 

CD t— - 2 

„ ^' a- » 



#1 



3 2 



c 

CD 



2 3 



CD 

TO 
C 

3 



1 TO 8B 

! » 5! 

*» P 2- 

FT o' 

=r 3 



a- J 

CD p 

a- 

ES ^ 

CD p 



CD 
■CL 



cr 



^ CD 

a- p 

CD 3 
3 



O 

3 C 



^ cop a 

2 cl g 

£- CP «*" ft 



§ J 8 |-|.| 

CD I M £ 3* § 

< sr 5. o =^ 

2 — 3 " 
to 



8 § 

CO >73 

P 



CD 



&§ 

P QfQ 
3 CD 



CD 

3 

» 8, 



5 rr 

as. 

ft 3 



If 

:i 

o o 

X 3 

1 H 



• o 



3D 
0 



8-4 o 
^ p P 

ST 2 

*1 * CD 

2 3 

3->o 
cd c 

— CD 
2 3 

clv: 



p Cr 



CD 
CL P 



< 

3 a! £ 



i. £. 

CD 



P 



O 3 
CD C 

o e 



p s. 

cP 3 



, o 

3 3 

3* sr. a> 
n ^ ere 
3- sr. £ 

S < cS 

3 CD CD 
00 



ills ° s 



CD 3 

3 ° 

3 CD 

S 1 

o 3 

? 2- 

CD 
3i 

O ?6 



P 

3 
CL 

3* 
O- 
3 
CD 
CD 
O 

e 



Cn'CJQ 



3 £. 



3 TO & cT 3 m 



CO 
CD 



5 

s 

S3 



3 
3 



| 

o 

o 
o 

3 




s 

CI 



QC 
■« 3 

g s 

t)Q o 

§■•=• 

p 2 



ce c 

J3 CD 
3 p 



p 
O 



o 
o 



o 

in 














f _ 






Fiedler an 


1 _ 

o« • 
C 








o 




-5 




to 


/ jJbP 2> o? t-n 






b 


^ boa 


e 

X 






1 . .. . . q> 





III 

^ S 3 

CD CD 
^ ^ CO 

Mi' 

13 " a. 

rt- 2, - • 
3** 3- O 
O 3 3 

c§ M .P 

o 5' 1 
8 8. 3 

* i' % 

3" TO CD 

8 !§ 

3* *-* 

5- IS* 

3 sr.^- 

P 

s,r g. 

CD S.TO 
t» 2. 3 
3 3 g 

3 g p 

S 8 CD 

i. a ^ 

C3 " p 
— ^ s- 

c» 3. O 

3 tr et 

CD 3 CD 
CD O 



a. o 
p 2 

P CD 

p -i 

3 o 
^3 



3 d 

| ^* 

CD^ 3 
CL CD 

3'£ 
35 a 



3. 
cr 

3 

O* 
3 



P g 
CD 

ft 

O 



er 

CD 
3s 



cTS" 
8 i. 



-< 3- 
CD p 

CD ^ 



CD 



CD 



CD CL 
CO CD CD 



3 & 

g- cr 

CD as 



3 " 

cr c> 

3- 3 

3 o 

O 3 

3 o 



^1 w« 



CD 3 

ST o 
^ 3 

i£ 




8 1 

I 



II 

o 

i 

CO 



cr 

p= 
i 

3 

o 

3 




2" 3 

2. c 
£ 3 
cr 

P CD 



tN5 
CO 



"8 

v. 



a, 

1 




o 
T3 



•8 



*S -2 
s 

8 § 



5 1 

^ e 

Oh 

-B in 

go P 

-3 H 

e » 

£ 50 

C TJ 

— & 

CO ix) 



-S 8 £ g 
§ « * 3 

J ill 

.2 "3 S Jg 

T3 "2 ^ 

■- 2 o c 
2 TJ g. 

"a -a S E 

:a c 2 <«- 
<u .2 sS -S2 

5 2 S H 



s 

CO 
00 



S § .§ 

— ■ sis jg 

O m u 



> 2 » 



bo 
a> 
fi 

CO 

s 

O 



> 



c 
s 



& 

02 
T3 

O 



S » 1 . 

2 "§ | K | 
u S - - '-a 



* b £ * 

... 3 P 5 H? A a 



b 



*> 
O 



CJ CO 

cr 



g g "8 8 

s fe : 3 8 

i 

05 P. •» =3 



9 

_ tJD. 



1 



si 




I b x 




3 

s 

3> 



© 
© 



3 

3 
p 

H 



0 4 □ > O 



X 



3 

(9 



93 

3. 
O 



CD 



II 

cn 
O 

3 




1 



p 3 %• B 3 £ 
S* 2 £1 — 5 





05 

|| »<< g S 



8a 




s sr. y a i 

sr 8 o § g • ^ 

^ 3. 3 <; 3 *- 



J* 2 



p < d jr 
g a d 

8» O ^ " - 



% 8> d S» p 

3 ^ 5 ? £ S. 

ES' sT CD 2. * C 

CO (5 



CD 



^ <rt- ^' p 5£ 
sr. d- p ^5 2 ! 

" . § | OS 

||l $ I 

li ° o I 5' ^ £■ 
© 11 * 8 « £• 

So • fts.l § 

p p M 5 * 

fX 05 ^ CD 

o » g 3 § 
~> £T S sr. 

cf£ 3^ 



s 



CO 

00 p 

K) v; 

(0 

j3 



I f ? § 3" S. 

3 — 



I ff g. s sr 

cp » 3 5 5 * 

5 - 2. ET 

S o I & 8 2. 

g- S- S. s g" a 

S? = 2. tJ* 8 

03 S* 2* fx n . 



5-' 2. St" co 
O* 5* 8* O* 



1 3 i 



£3" CD 
O 



/■w CD 
hH e- CO 



CD ^ 



S 0,5 

I- ft* - 

a ? 

00 ^ 



2* 3 



5T 3 go 



,* ar 



o 
c 



£T < 3 3 ? 



O 3 



gs a 



® IT B_ 

!ifS i' 



CO 

=; CD 



s 

S9 



o 
3- 




© 



CO 

© 

CO 



I 

I 



.3 




jj -3 JS J 3 g> - .8 



» L I .2 a § « ^ 
■a .5 o « 3 ■£ * 



Si 




5 




*8 

JD 
3 

I 

.8 

© 



OQ 
J3 

! 

o 

.°° 

£> 
1 

> 




« — 



"8 

I 



I"! 

oo £ 

H " 
PS m 

s 



5 



15 



© 
CO 



^ 3 

ft ? 

* 55 

-2 c3 . 



111 

« j3 X 

■a * h 



I a .§ 

o ^ t 

ft O o 

*S J* > 

c * S 

£ .2 o 

g | 8 

'O a; 
•S3 ^ c 
c ^ o 

c3 fl - 

ft © .5 
S B * 

S g R 



.22 
u 

u 

eg 

J3 

OQ 
0) 



C 03 
g CC 

'2 .2 

« $ 

S ft 



c 
> 

C 

. O 

o 



c 

o 



c3 



3 



O A3 © 

^ H ^ 

B - g 
Ml 

C3 CO !> 

0 0 

-O <X2 



* C 

O ao " 
m £ 
-C O 
ft-fl 

IPS 
-s • 

a 8 



O P 
h 

0 SS- g" 

3. o p 
ft ^ 7 

K 3 CO 

0 1 5* 3 
a en en 

& 

sr. 5 co 

3 09 g: 

1 5 s 

(0 CD CD 
CO 

?T CO CO 

1 I S 

£ B fl. 

© « O 
_ CD 3 

et- CD »-k 
CD CD & 

H) ct- ct 

2 g - 5* 

" CD CD 

H a * 

v 3 g 



3 Ml 

3 a, S. 9 

p- ~ < 

©2 o <; 

od^ a c 

to o s ^ 

2. CD CD 



a 2 



CD 
O 

41 



CPQ 
O* 
3 



CD 
X 

C 

&' 



. 5 lJ 

* qs. 5 

? O (6 



B p 

^ § 



* S : & 3 

g I 5- H. 

x 5 g> 5 

3 ^ CD 

3 cr*5 o 
P 3 g Q- 

CD 3- 51 

CD ~ 
y CD 



p 9 



o 

3 



a s 1 3 : 



ill 



sr 3 



3 

a.S 

3 H. 

5 - * 
o oq 



, f£. CD 



o 

3- CD 

CD 



O O 
CD 
3 



51. 

o 5 3' g £. 

o t» S- &• 

»t> p go 
tr o era 5 o 

CD 3 » 80 5 
S CD D- O g 

^ ^ i-k 3 3 

3 ? » o 



^ 2 " 

3 3/ 3 

3" q* CD 

P H 

» S » 

§ 3 i 

1 « « 

5- « £ 

O Q. 

• 3 £ 

s B 3 

c+- OS 

S" * 

n-- CD 



3 



5T » 

CD 



B ? 
c- sr. 

CD 

^ Br 



»' S 
c+ 2. 

3. ^ 

o; o" 

& 3 
o' S 

"» °- 

<^ c 

3- CL 
CD CD 
co £^ 

3 ^ 
TO o 

?s 

x "2 



I s 
S o' 

3 



C5 * 
P ^ 

5' c3 





00 

o 




E3 
S 



s 




fl 

o 



0 ■ □ • o 



ON C7\ ^ U> — 11 
O O O O w» W 

o o o o o o 



" i 

3 3 




00 

o 



o 

CO 



5 



1 

8, 



1 





If 



is 



^a 

I" 
*"5 

f> OS 

■8 3 

■a e 
.s 

* " 

2 



Hills 



i § 



: « ill 

e S 1 1 * 

s 0 B a c 

a | I s I 

* ^ q g 

03 ^ ' = fe m 



CO 

o 

CO 




cd cc 

o o 

•C2 IS 

^ s c_ o 

> *^ 3 ^ 
3 « „ 

i 

s «-. « 



a S 
c* * cd 

« -d o 

III 

i' * 

p 3 



w 

>- 



OS Si 

- <3i 

t if 



?3 

W 

o 
go 



a 

CD 
<< 

2. 
o* 

■a 
3 




*0 GO « rt 

15.1" 

a ? a 



pop 2 et - 



ST 6 



2 § a p 2. o * 

3 ED CD C ' P 



§ E. 

ST (jq 

e ps 
S 3 

§-1 
a. o. 

<S & 

ffl 

P 

5 



s f s a a- 
S 5 £ 3 ® o 



S- ? ?r 

P — «, P $5 



0 B. Et §■ 



^ 1 £ 




a r p as 5 
p vSS £ 2 



p 

< a 
CD o 

c 

BT 




oe S- 50 ^ 5 „ 

B co O O QPQ £- 

8 

3 p 

© si S3 *< 




it 

3 CD 



3 P 



< 

sr. 3 oq 
< f 3 

II 

- e + 



e 

s? + 



o o _ 

£3g | 



3 M 

Vi cn bo 



CO 

o 

00 



f5 

t*5 



T 



s 



§ s 



r ^ • 3 s 3 S 
tr 1 S' - w 3 i 
^3 3 2. b. a 

IS J? i 

' - 1 » 213- ^ 3 



H 

o » 

« 3 S ^ 00 



I 111- 1 I 

5 s 5* ".3 o 



Q O 



c 

1 *- 

< ccjr 
3 ^ o 

x © e> 
w a 

D 2 



1 - § & i? 
^ S a a 

fe" s-5 oa 

,E-° £fi ^§ ra 



r 50 Si H s. " s ' 

^ 8 3 § s 

SI if- 1? 

g 2. Sp I <g «• 
§ S-l f 7 I 



S » ? 3 k,N O 




3 

CD 

CD 

r 



3- 

aT 
3 

CO 



CP 




8 

On 
On 



oo 

oo 
4^ 



O 
u> 
ON 
LA 

I 

8 




9 

5' 



On 

LA 




Si 
II 



so 



< 



§ 

CQ 




a 

o 




X 

3 



t T T T T | 

a 

00 



X 



o 

J3 



r t t t r 



ft 



O 3 

O ft 

a c 

< w 

ft _ 

3 ^ 

ft' X 

3 



a* s 

ft p 

s-^ 

p 3 
ft £ 

rt 2 

-J P 

Cl 

rr P 

^ CO 

o °> 

ii 

3 ° 

ft -i 
3 O 



5 3 

O (JQ 

CO C 

co n> 

»-i «■ 

ft - 

» H 

3- 

o 

^2 P 

(a £ 

Do 

^, CO 



8 



o ~ 

la- 
's * 

3 ST 

CD ft 



o " 
O N 

O " 
l-t p 

Cl a 

5* ^ 

P 
ft 

- ft 

g. 8 

£* < 

3 £L 

— pi ft 

3 a 

O _ 

3 3* 

n n 



lie 

5' O 3 

3 2. ~ 
I-+ 3" 

ft 

o o 

« ^ ° 

P - 3 

^ £ 8 
ft 3 

rv ^ 

t± ^ p 

<& v % 

3 O 

& ^ o 
d i; w 

^ p cr 

P g ~ 

ft 3 

o a* 
33 O- fD 



* * 

P o 

3 P 

a- 3 



o 



© " o 

* o q 

5? 3 o 

» co 3 

ft 3 

p - a- 

co 3 

CT p 

£2.^ ^ 

O < £ 

* 8 8 

3 3 g 

3* c 3 

3 co co 



r 
> 

w 

co 



to 

a 
►< 

> 
g 

> 
r 

o 

o 
m 

CO 
CO 

w 

CO 

I— ( 

m 
w 

CO 

w 
> 



P 33 O 
3 O >d 

-fl &. 

CD P 3 
ft C- P 

a* - *o 



c/3 era 
o o 
£ <j 

§ i 

w 3 
W 05 



33 CL 



p 



i 5'« 

O 3 O 

^ a 

3 P 



CL S 



p i - J 
3 « 
Cl Cl 

- CD 

g 



3/ 

w J* 3" J* 
c o o ^ 
^ « 3 O 

a S ~ 8 

0 K c 



2 "5 ao & « 

* i § i* 



fD C 

w ° ft 

O _ Cl 



Cl w 



G- & 2 - 

5* S o p 



p re p; 



o S: O 3 



C 3, 
O P ' 

CO m 

o o 

E 3* 
P OQ 



3 p 

CD v< 
3 o 



- ^ « 



Cl o X 

2 3- ~ 



' O 
3 



3 ff 



CTQ 

p 



X* p 

o « 

CD < 

CTQ ^ 



3' % P 
to p 
S? ^ 



1-3 

O t« 
or c 
p o 

&2, 



& 



3- ' 

fD ^ 
P 

<T < 

p CD 



o » 

3 3 

*1 fD 

3 £ 

CL P 



n 3- ft w 



3 



o 

s i |<? 
I s " !.§ 

raff* 

co co 3 CL 



s 8- 

£2. S 

& 3 

p 2 

3 £ 



5 ai!?^ 3 g 8 3- 

- ffl p) 1^ ta- *n ^ Mt — 

as cd 



» p ^ 

3 « 3 ^ q» n 

linn 

3 52 3 2 « o. 



» > P 

P fD 



ni ^. 
3- 

« 3 

p O 

P | 

o o 

3 cr 

3 fD 



3 cr. p 2. — s 

■ 3 EL 5 £ p. 2 
o p m ft 3C < 



« 3 " ^ » 

■ 3 3 a 

tr ft '-t f^ • 

fi « o P N 



C 

- a 
o o 

o *° 

to t3 
a- P 

5 a. 
< p 
fD «rr. 



tn o 

ST O 

as; 

Cl Op 
C ^ 




2 f* 

3 P 

O — 
P 

CD "I 



p 
3 

p T3 
CL 3t 

S I 

fD 



SL o Sa a a- S 

n ^ C fn^ 

s- & s i > e- 

SI 5 8 a. b w 



o 
It 

^ P 

3-3 



fD 

Cl 



a* co 

< I 

n C 

a- & 

S fo 

s °- 

1 1 

C> fD 

3 o 
P 

cr c= 

o* 3 
p 

ft= £L 

« CO 



3 CO 



3 w 
OP? 

* 3 

3 



P 
3- ^ 



3 § e 

iSi 

^8 3 

a 3 ^ 

,3-3 
H 3/ O 
"i 3 3 
C fD 3 

y S§ 

3 P » 
0 ? 05 



t3 ^ 



ET 3 

VO co 
00 

a- 
2 o 



S 5 fD 

P 3- 

"O o' 

S p 

Q ^* * 

2 fD o 

co Q. cr 

ft 3* eg 

O g Cl 

* 2 * 

s g 3 



e 3 
o> e 

< a 

S tr 

■a ss 

O ft 
p co 

S- 2, 

r ^ 

55 33 

o 

3 ^ 

t3 3 

O 3 

co C 

£ ft 

2 ^ 

p» 

o ? 

C i-t 
ft Cl 

p | 

cr w 



" 3 - cr ^ 



3 

1 OQ 



2< 



" P 
P ^ 
3 2 



s S 3 

o o cr, 
" o 



>5 g 

« 3 

s • 

B. 5" 

8 8 

co 3 



sr 



3 5 



On 
00 



3 3 1*!!} Iff 



& 2 « 



£0, 3* 



l 5L » cl 



» 0 5. 
- & R 



cr o hr) g> a. 
^ " era c 2 

MS 8 - 8 - 

3 C ^ 

II B C P 

o£.c »^ 

II g ~ g, g 

- ^ II £ o. 
H ^ g 11 "& 

I' 3 g 1 S 
§ 3'S 2,^ 

CTQ O P^ O 

p Co co 5^ 

p K w < 

cr. a W 

O 3- Cl p "V 

3 g ^ Q 

P P a P 

n < a- 

ft co ft 3 ft 



a. < 

ft g- 

2 3 

ft 



3 p 



ft O 
Cl ^ 



^ o rt c o n J 

ft O 3" ft. C CO ft 



^ ft 



5 V- 1 

ft 



_ ft- 
na-CL^^^^i^ 
>C ft o , — , o* n 




? g ~ -5 ^ So J 

C 3 P " ^ 



S dT « ^ v ^ • W 

£ S 5 1 1 f i s:^ a I 



" s ft 

: s §. s, s 
6 a 1 5 B 



w i_ o 
3J P 3 

S' ft cr. 

3 " ft O 'Q- 

3- II «*• ~ 



ft 

3 

ft 
3 
ft 



0 

a 

I 

cr 
ft 



tr 
•I 



B V. 



? §• S I- 

c; 55 ^ 5= ft 



cr. p 



3 ^ 

Q. 3 P 

S" 1* fT o 

3 P P a 

o I h o 5 ; 
srS 3 §^ 

a p ? c g 

5'^ o & a S 

3 °* 3 3 CT. 
^ £ co 3 — - 

P P 



ft « 

e. 3 3 ft 

b- s a §■ g g. 

5- 3 - s ^ 



ft 

CO 



sr 



ft 3 O 2 £L co 

3 » B.-S i 3 

5. a § I g 

3 " g g. g 

» ss S ^ a 



16 , §f , S&o|g- g I? ||i 



3 P < to 

3 £ g. g ? 3- 



Oft ^< S 
3 ft 

P w P 

a g: = 

ft p p 

ft p £: 

3- K 3^ 

s: 2 

Co 3- 

3 5T 3 

3- ° co' 
3 N-t 3 

EL g P 
^ S o 

^3 g 

B r? ft 
3 *i *i 

J? *5 
p o <; 

r 3' 

S?is: 

3- 

Cl ^ ft 



f 

ft 
3 



o 3 

g. 



3 .-^ 



a 
o 

3 



EL 



CD W 0 

5 ft 3 

p or 

3 3 

. a o o 

5 M « 

3 I 3 

ft ft 3 



^ 5 

I ii 8 

B) & P 



8 « 8 



g. & £ S. § | g 

co n c- ft w 



. cr 3 

& S sr 

co Cl ft 
ft* O 3* 

s; 3 5. 

w a a. 

ft P. 3 
3? " QTQ 

Sis 

^ I eg. 

s § 



> el ?r 

+ CO < 

3- ft 

| ii 5- 

II I " 

o <5 > 
a> o S 

311 



^ « ^ 

Q Cl 3 

ft _ CO 

" s ^ 



3- « 

. 3 



sr . 



co cr 



° 3- " w 

P _ ^ ffi 

< ? 2- H 

• I: & * 

P < 5 r 

S " 3. S 

II § ft u> 



P .s 2 * 



3 





o w o 

« >< a »o 
a* 2 

cn o X 

i< g 3 '2. 

B 8 S S 

S: § % 5 1 
«■ - ~ • 2 

n „ B * 

<E. p ~> 
n o 5 x 
cr 



3* o 
o 

?T 1 X o* 
Xi o + ^ 

^ ~ * J 

£L p ^ p 

3a g; II P 
O £ 11 a 
S; ,P 2. 




to 



X 

o 



m 
Ho 

s 



P SlSn'CfQ ^ S Jl ^ M J ff 



^ 2. y n 



o tr. 

3 ~ 
£ 

8" a. 

S-f 

.2 s 

£. qo. 

p a 
a o 

2 * 

O O 
3 

rr 

clS* 

o o 

S 5 * 



O "I r+ >fi /-i .■— ' P 



3- 

a 



O. ~» 5 » 



O p 

Is 



?! P " ¥ ^ 3 a* ? 

sT S a es- £2 p ^ ^ 5 



5 w * 



p .8 Z 



o 

3 



P < 



05 3 S 

OQ 3 as p 3 S P 

& i 1 g. §■ B & 

O £ r-K C3 U» t— 

a B o S 3 ^ 5; 
T3 . W i 

"E£ 3 C .p 5 3. ST 
^ a o h ^ 

a <j ^ £ S si 

0- ^ 3 — 

3 n' r. | 

2 3- « 3 

£ 3 g o — <: 5g 

§ § g.p 

H n 2 a a o w 

f S 1 ? 8- g £ 



P- Sj 

^ 0 CJil 2, 



O ^ 3 

. o o 



i of 



oo < 3 



3 

o 

3 



" ° 3 J? O 3 T 

& ° S"J8 3 & 
^ a c -sl S 2 

^(g-o-g » ST ft 



5 O ^ ST P 



- a- cr. o 



P 

cr 



* 2, 3 £v£ 



X 3 ^ H) 3 ^ o 3 5 b 2 C ^ ^ 

?3 o p p 



o o 



p c. 



p ^ 



CD 



*— • cr. 3* 

w 3 — • 



o 



S » < 

8 £ 2 

OT C? ^2 

3* — 3 



cr. » ^ 3 
g 5 3' cr « 

3 to O 



O O 33 & 



3* O 

3 I 
~ ft 



S3 O 



3 3 



» 5" 3 » 



< 8 



- s — d 



S 1- cr O P 

SPSS 

o 

3* 3- » " 
3 p 2 W w 
p 

§ CT o* g. O 



8 & 3 n 

e ? " 1-S.g « 
«— »- >v o P P 

9 - n s 3. 

s ™ » o a «■ 

I R g. § f w 



S-S p s s s-s-cTf 



p 5 s s* § ? 

S 3--2.S 



I 

s 

+ 



" » B iS S s - 
a 2- 3- 8. g a> 8 



0> 



(S ^ 3 ^ 

SS a* S» 

^ 8. P 3" s 

3 ~ a^ e 

» O ft «< 



£ - «• 2" S — 



g | S 2. 5. 5! 8 j? 




a? 1 d 



i wtL3aOrt09>£ 



o *X 



+ 3^ 2 



s 



1 



PC 
cm 



a a> o> q i 

l * § 2 j 



V G +•> +i 
00 .2 W>'g fl 

■a §•■§ s-B 

« S 3 ^ 

,2 I * 2 2 




I 43 C ^ 



-8 1 1 i a . 



•5 fl4 




8 



"3 



" 2 ^ J*< 

O O o i2 



♦5 .H *Z3 . JJ • 

«-» C S +- 1 — 

§ § 1 § S 

o c u B s? ' 

2 S3 -3 

C 3 « « 

§ 2 a g o 



q 
+ 



a 

B 



P 



CO 




21 
+ 
to 



"a 1^ 




n « » 




70 



-oo-^-o— »— £2 — 5? — n — 



o r , 

CD £2 c ^ 



1 ft * ^ p 

3 



S !■§ ?1 3.&I 

~ » B S £ a g ^ c o 
? ° ? S ^ £ 5' 3 m 



On 

or 



c E o o <r 0,3 < 3 s tro v oq £5- 

3 p 5 g » ^ g* n 5 < 3 r S p S a g; h 



5 " w p 
- re - ££. fj» rv a & 

S" 55" 0* § S £r ^ P 



O 



8 

a- 



I a ^. 1 3 g. 

c^. a p r7 B o 3 ' 

>E, 3 2* >— g. p 3* 

Co *H» ^* 8 ° ' ro 0 

B " r» 59 00 s. 



o o n w 

LL to ^ n> m, w 3 r^i 

^ co «j t/i rt> tic) 






*a re 

p 3 



^1 



< 



PC 
< 



■ w 

i 



c ^ G 2 

T) O 

> u 

O C 

^ W) 

^ .a 

3 & 

2 S 

O CO 

S 8 

CO G 

a « 

3 

cd j- 

H .S 

.a 3 

-2 « 

5b • 

6X1 ^ 

8 e •= 



£° 

.8- § 

a. a 

E S3 
o > 

8 u 
to ja 

2 ~ 

ed cj> 

oo co 
G w 

.s g 

a* 



u X3 
G 3 



.8 



S K e 

"5b t « 

^ > ° 

2 « S 

C t« g> 

O cd p 

•a-g a 

t3 ? c 

8 2 o 

£ — £ 

« 2 cd 



<G 
ej 
Xi 



u X5 b 
j2 *- cd 

toX) ^ 



s 



•3 ^ 

>>PQ G 



too 
G 

•s § 



ej 
T3 



X5 

8) 
G 

*5b 



a ~- 



ej 
x> (ju 



E u c 

Cd <L> 

a u g 
2 g» a 

3^ g 

5 S <2 

o g u 

O r* Ui 

lSa 

H d G 

G C O 

U 1G "Z3 

> _ o 

ej cd cd 



o S £ 

cd O 
X) V3 +■» 

T3 N g 

o% s 

0 .a g 
S 3 J S3 

.s 

> G ^ 

1 * N 

fas 
» .§> ^ 

W ^ X) 

1 S s 

.S.I a 



O 

G «J 

1-8 
J9 £ 

<L> co 
G 
O 

e o 

toX) u 
co C 

J8 a 

li 



'5 o 



s 

^ G 

3 .2 

.S c 



CO u 

X) 
E T> 

■a 3 
d o 

II 

b 2 

E S 



S 3 § 
3 "8 - 



ca c 2f 

" a a 



I 2 

4«i iJC 



S 

3 .S 



>■ -a 



o 
•a 



"a 2 

CO .« 

5 w> 
.E 

G C 

|i 

.S 

G 

t 'C 

G S 
« T3 



"3. "8 

& CO 
CO 

O 3 

^ iG 

s ^ 
^ t; 

U CO 

cfl 

CO CO 

co 

O CO 

c .§ 

g o. 

G > 



.2 S 
& 8 

'C 

■2 ^ 
m > 

cfl G 

CO 

ca >^ 

3 w 
^ G 

4> 

<co 



AS 

a 8 i 



bo — 
15 1/5 
6 .5 

W co 

Is 

> CO 



h }, U « 

G .fl £ B 

. g» s H a 

Id 2 -S 
X> E w" 

I .a S-a 

^ d 3 S3 

E S2 
S o - 
5 »- o 

G C <D 

"C M * O 
O M ft) O 

•a o a bj 
S * s S 

5 ^ | § 

C O S 3 

>> 

X) 



00 ^ 

p- W t-H 

x>'C ~ 
a o ^ 

C JJO 
A -G OO 

^ a\ 

t« 
u 

_ G 
CJ 1G 
u G 

H o 



1-8 8 



-G 5 £ 

cd 

G C3 <u T3 

«J > co Z3 

ji 2 2 S 

*3 G *G w 

> U O _Ci 



_ ^ * 

.2 ^ 3 § 



.2 73 
-J c 
4 § 

co cd 
O TD 
3 § 

a 5 
^ ° 

^ G 

G cd 
ed u 

fN £ 

oo .3 
2} 

cd 
<u 

co 

o £ 
3 G 

o o 
a g 

ST3 
Z & 

O fj 
(L) GJ 

*G co 

' ' G 
O 
o 

V 

> 
cd 



a tj g ffi 



O w co 



c 

o 

cd — 
S <^ 

cd w 




ft! 




> 

2; o 



55 S9 

CJ cd 

X) o 

X2 g> 

CO «-H 

^2 o 

b. c 

£ 3 



CO <o 

3 ^ 

00 ^ 

o o 

E feb 

2 u. 

x: cd 



OO 

r- 
m 



2 S 



ft cd *- 



•J3 
cd 



cd 
3 

cd 



S w 



U 4> 

a^ 

cd .*_> 

"8 5 

CO >> 

.2 T> 

1 a 1 



_ cd 
cd o> 



^ §6 

w C 

E 13 
^ ^ o 
o « 



2 



co O 

G 
O 

G \S 
> 2 

o % 

IB 

t-i CJ 
O X3 



SO 



G ^ 



r 

cd 
3 

55 
X) 

•o 

CJ 

<u 

§ a 

co G 
3 




S2 « 



G 
O 



1 f +CD i2 i2 

arbitrary linear scale J K, + Ody 





"ara-g- 




w ;_ e. 3 

ST £ 

8*2. 

^ o P P 

p »* g 

- 3 ° e 

a ^ d- 

o p - p 2: 



-eg 
_ a. 3 

3 S- 

fl> T~ ^ 

a ^ or 
^ 5 cro 

2? 

c & 2 
— < 

o"g o 
p " »o 

w SB 

??» 01 2 

s » a 
~ g- o 

p- n ~, 

3 i i 
8 g* 8 





i 



00 
CO 




II 



1 I 



C ^ 

*2 



3 T3 

Sc 



3 -3 ■ — - 



o* a o s* a 
« S. 5f a 5. S 



5 2 
a o 

(1 OQ n 
3 i. P» 

•g 3 ^ 

a. -» 3 
3 a- o 

oq S3. 

o g 3 

2- w ti- 
nt " ^ 
S o 2 

(a 3 O. 

o 2 * 

3 S P» 

» & o 

- 5! 

CO* 

a- 



3 G) 
g 3 

ft 3 




3 O 3 

n 3 

53' cq 2, 






o 



1 



J5 

a 

3 
C 

v> 
T3 
"5 

c 



■a* 



2 c 



64 

o 



s 2 




3 &3 O 

o & 




o'€ S s 

(A ^ O £ 

^ « -. 8. 

I r f 

^ b Q. 7 

W r+ ^ W 

iP « TO ST 

(t W N| ft 

- p ^ 

I § = 1 

5.00 O 

£ p S p 

"> " " S 

£T 2 1 O 

C p 



jo" § 



« 5 5 




5- p 

o 2 s 

5 



OO 
OO 



J Yi T)|dy 





ft-| ft. 



+ 
to 



+ 
to 



o 




OO 





© 



O 
B 



o 

m 



* 

+ 



+ 



+ 
CO 

b 




!> W3 Cfl 





o 



70 



09 « 



crosstream direction y 





H5 

3 



m 
0 



> 
7> 



5 



IT) 

m 



< 



0 
m 




ro 



C\J 



> V 
> 

+ 1> 
t* > 

+ > /J 
□>•■•+ 

+ Q 



J_ 



\ 

\ 
\ 

□ I 



i trr i 
i 



ro 



CO 



s X 



I o H • 

! ~ * £ 

! c>2 

J ? oC "5 

1 > « s 

i « « K 

: -o + ^ 

I rt . ^ m 

: m «"> ^ 

, £t d 

- ° V 

! II 11 a: 



53 X 



1 1 2 J. 

! S » o 

! I s I 

! 5 1 = 

i, . ii 1 

i ^ is 

r> .£> oo 



P 

DC 



O 



as 



**** 



* as -3 a - 3 





w aa fj, p 
CL o o o 

3 SL ^ 

B c: g- w 

SB'Jt 

2 2 5 rt 

a « a- b 
| o g » 

3 © o « 

d m a g 

^ 5' S 8 

s U I $ 

? 2 3 o 
S" 3 S £ 

g a cr » 

8 S Eg 
o p a»2 

3 3 w 3 

8- g* t. R' 

•< So o 
a K f S. 
2 5 g- « 

o o P o o 




OS 



cp 



On — » 



8f 



o*l°5 



ro 
en 



<J1 





On 
On 



5 



0 'O *- 




00 
On 



£ 2 

-2 00 

* E 

+- o 

-2 3 



e <u 

O I. 

- o 

§£ 

8.1 

'58 

a-S 

« c 

3 o 

fa E> ^ 

.si 

IX 

U ♦ « 
£ O 

o 

tofl > 

'-5 « 

C ed 
O £ 

§s § 

C G 

o o 



r * 

.S 5 

c ^ 

* 3 

o - a 

X 50 

ON (X 



o 

t-l 



w o g 

a 



a a 8 



o 

s 



o g 
S 2 -2 



S 
s 



.s: 

6 



^ .9 



oo 




^» < 2 
c » ^ 





4* 
O 

o 



5 




s 



> 



r 
> 




03 « 

XJ 2 

•5 >> 

4> 

•S 5 

TO <D 
43 W 



to . 
O 

fa? 



O 00 

• u 



xj o 
^ .2 

'S3 



2 § 



■5 ^ 



-C o 

03 to 

cd 

cd a> 

to D 

03 DO 

•S o 

o to 

U 03 



3 .S 

i s 

.a x 

I - s 

cd o 

t£ ^ 

43 X 



S -2 

co 



| I 

1 J 

TO 

a ^ 

o .2 

l-H 

03 rt 

el tP 

CO 

xj o 



T> 3 

e 



o ST 



r- O 
ON O 



to co 

Xj 



43 

•5 3 

03 CO 

5" si 
11 

O tH 



Xl CUD 

cd c 



« II STg ^ 

C »-h C 

TO ^ O 

2 73 8 



3 is 



J5 
S 



m a) 

.£ 



CO 



cd 

s £ 

2 *~ 

TO O 
O 

c c 

o P 



3 c« . 5 is 



60 *s 5 



03 



<m * & o 



cd > 
u 

C 

Cd T3 



3 v w x; . w 



u 60 
3 -S 

TO ^ 

I- 

•a I 

^ o 

TO 1h 

-S eg 

e t 

cd O 
■r 4 mi 



P e 



CO . ~ 

-2 "a 

CO 

TO *- 

w cd 

co &o 

w .s 

« cd 

»l 

to 



a S 

TO p 



O X3 ^ 

U 

cd to 
£ do 8 

G \£ 
(U 'X3 XJ 

H •? J 

^ C c 



o » 

CO 

cd 



0 J* si 
a .s .a 



a -5 



CO i) 

o 

c ts 

o 



S 53 ' s 
8 ^ 2 

CO 

C 

O 



cd « 



O g O 



Ud ♦ — ' M 

s § 2 § 



2 i e S 

o S cd to 



co u cd 
G "S S ^ 

a § c 
£ ex " 

13 ■ J3 CO 



C 

O 



X 



1 



o 



O 
CN 



o 

exj 



1 ^ 

CD J CD 



LA 



LA 



<N 



^ II 



| " & 

B * K: 

S • o 

o - J 
c 

■SI'S 

.3 e 2 

*C a * 

^ ^ II 

£ rt ■ 



TO ^43 

co cd 

<D O 

f! CO 

»- a 

C <L3 

cd XJ 



U o 

o xi 

P to 

00 03 



8 -J? 

to <, 

§3 
■* « 

CO e 

at 

6 I 

.5 ~ 



3 

1 ». 

O 03 

w XJ 

o H 

& . 

E £ 



CO u 

S s 

•i'i 

1-1 ed 

° X^ 



* 03 
I- 3 

03 



ego 

« ^ e 

EC .9 | 

ON 03 S 
> .3 to 

S.9 § 

X ^ 

/is 00 o 



O cd 73 
O ^ \S 

^ -S *5 

CO 2 C 

g Q ~ 

O ON 43 

a on s 

CO ^ ^ 

3 3 "8 

1-1 cd 



S 

cd 

to Q3 
O u< 



cd 

ed 



^ "X! 

< 2 

8 3 
E E 



03 ^ 

t: 43 

,cd CX 

^ O 

2 43 

03 T3 

to 

« o 



5 ^d 

cd B 
0 .2 

*to cd 

S 2 



" TO 



„ CO 

o 43 



m g 

S cd 



si 

.2 5 

§ I 
s & 



03 C 

52 cd ^, 

to > C 

U g TO 

43 ±£ - 

x> 

c pJ 

O 43 2 



j3 



L 



n o P 

O » 5T* 

g Q. *1 g 

£ p 2 _ 

r+ 2* 2* 
ft 3 D (I 
Q. OQ OQ w 

P a 55' 
O *P S r 3 





4^ 
O 



S 
O 




I- 1 g-i 

' * 3 S 

II Q9 rr 
^ CL oro 

11 s z 

Tff 



5. 



LJ 1 H 



P 



; 3 I: 

O 5" 3 
3. g-OQ 

S * g. 

a a s- 

si 

p to ™ 

: as 



p 
In 



ro 
o 



en 



S 

"1 



'12 

bo b 

I I 1 1 



cm ^ tn 



"i r 



o 



< ■ □ ► c> • o 

8888882-- 

ro oj * tn o> ob ro 
1 1 1 1 1 " 



^ o 



J — I I L 



f. 



4 



"0 

m 

JO 
Fl 



C 

o 



CO 

e o 
•* a 

O 

m 




^ fl » !fl 




o .2 c w> H * * - « 

t P . 



o 



- ° a 

s J ^ ? £ | ^ 
* I s 2 s " * 

o S 5 o 



;> 
'5b 



81 o S 2 3 c c n 

« > § S?'S 2 iS S § o « 

3 .S 5 o> fc C £ r= -5 « w 

^ S § § I E S ^ 

W U ^ ^ ~4 O TO (SJ HI 

o 



si 



Sg3 



1, cu X 
5 N CO O 



i I s 1 1 1 1 ^ 

^ is '§ a u c £ 

S i 1 1 * -s £ 

> O t> C CJ 






0! ^ «S 



ioV-«o " y 




4^ 

© 
00 






o 



e 

o 



t; 

o 
> 




i 




atn - 

uj o ■* 

ar-Jco c 

Z> O CO ° 

O-o: S 

UJ UJ H > 



0 = S 
^2 a> CX 



• ^5 

© B § 
a. — ^ 

>! n 

cl _e 
w « g • 
x 2> 3 




>© p pop 

:§ I iiis I His s 




p-8 



3.3 § 

sr § i : 

5f I 

Er 5 Er 

o o o 

sr B. -> 

§ 8 I 

§i 

cr 3 
ct a 

ft CT 
ft 



ft »_* 

< » 00 

£ o ^ 

cr. f e 

o 2 3 



o B. _ 
o Si ct cr. 



ft 5. 

3 CT 



Q- ft h-. "* 

ff g c 
B g 9- 

►0 o ct 
oq o 2 ft 

ct 
3 



ct 

i-Q 

C 

o 



FT EL g 
o g 
o Sf 
s 



2 ct 

C P 



VO ™- P 

2§3 



CT 

a 

oo ct 
£ 8 



o • 

v? 
ct 



CTQ 



<g B . 

3 cr 3 

to /; _i 
N> 5' 5 

I. o 
3 3 



^ CT „ 

ct H ct 

~ cr 

p CT £» 



p <3 

ft o 

o S 0 

a ft 2 



ST 3 
cr^ 
^ ft- 
ps <S* 
ct ft- 

o g 
a. 5' 

Rp §• 

&> 3 
o 

3 G 



a 5 o 
8 o. 3 

0^3" 



Of cr 
« ct 



a ^ 3 

>< P 

E2 ^ ^ 
B 0 

B£! 3 

OOP 

a cr ^ 



5& 



e ^ ft. 
< S 
© O 



» « a 



E> 3 D- R 
O O O g 

O « » E2. 

2£ It 

o « 0 er 

2 rt- p « 

S«So B 

M 2. 

3 5*2 0 
S- II 8 g 

O 3 



3 



^ o 

o ^ B. *o 

t ^ a e 

<5 ^ & 

^ 

O ^ " B 

£ © a- s-* 
p 1 a e. s* 



'8"! 



I I 



o 
a 
o 
a 

2. 8 

s p 



- a 3 

^ 2 o 

o 3 a 

ST ' w 

x 3 



O P 



n> 3 

P o 

F S. 

s- 

> cr 

o w 

a o 

3 g- 

^ § 

— 3 

X « 

o p 



^ 5?* 3 

3 O 3 

3 3 

-si— o- 

P 

~ a* 

P o 

o _ 

o % 

3 P9 

O pj 

T3 cr. 

s § 

o- ^ 



3" 

o 
o 

3 
«-»■ 
>-i 
P 
o 

s* 

3 



P ^ 

2. < 

2 3 

^ CD 

'cr 
O o 

3 o 
o ct 

ft 
o p 

3 S 

£ 3 

§ K. 

o 
O 
3 



^ O 
n> a 



3f? 

00 5 i 

S P 

n 3 

>^ o 
p w 

1 « 

•A R> 

3 i' 

OS CO 

2 ^ 

3 vo 
% ^ 
3 c» 
o >^ 
CT 



P 
O 

31 P 



00 cr 

a. 3 

cr ^ 

p p 

3 3 

n ere 

CT CT 



3 ft^S 

P K 

*< CT 

3* « 

cr 8 

oq cr. ft 

tfO o o 

S ? 3 



P-9 

^ jo 
-J C 

CT r> 

" s 

CT 
CT 



SO 3 O 
*J f-t- 

po 5* 3- 

W* C--CT- 

M 5^ « 



S » 55 

2 ^ 3 

r^ ^< G, 

p CT n 

cr, •i w) 



p 



CT 

^ ^ CL 
CT ET 

vO ^ ^ 
p 

O • B 

2 CT 

c so a 
cr -4 c» 
pt* o ft 

p * ^5 

N- O P 



00 



CT O- 



o 9 



^ ^ ^ CT 3- 

a ^ ct 

3^ p 

ct EL V) 

►O p 

3 -J O 



vO » 

-J 

1— 3 

" EJ 

^ cr 

CT" &- 

5' pp 



cr w cr 
Si e c 

O » ? 

S |l 
3 to 8 

^ N =• 

£ 8.^ 
ct p cr 
O- 3 ct 



s El 

-c«— cr— 
P ct g 
3* -» 3 

^ 5 w 
N £ o 

CT CT co 

f 3 I 

3yO 

VO S 

-J VO -J 

00 2 

^ 00 - 

S 1 ^ O 
£ ^ sa 

ti* *i CT 

CZt "t 

■? 5 ^ « 

CT CU 

S cr. » 
^33-3 

p CO 

p cr — 

BCT t— 

E 7 00 

n P ' 
P " 



P & 
C& 

■8 g 

S p 
B. & 
% ^ 

2 8 

<s & 

J! EJ 

D* 0Q 
CT 

CT 

a. 
3 

CT 
3 



XJ ET 

CT C 
-P 
CT 3 
& g 

%l 

CT 3 

3 CT 
~. 3 

p 

CT* P 

8-3. 

o 

g.s- 

CT 



CT 

3 

B 3. « B> 



P ^3 

3. ^ 



3. 



*** , . 

? 2 »' 
3 g r 

o3* 2 3 
cr ft o 

o ^ 

§ 3 55 
cr £ c» 

cr 3 3 
c ST & 

CT p 
CT »1 E- 



{■ell 



Vi 

I 

CT 

3 ^ 
cr p 

CT tfl 



GO P 

P ^ 

r+ ft 

O 3 



CT 

Cu 

3* 
0Q 
P 
3 
Cu 



CL 
CT 

3 

3_ 
CT 



o N 

CL CT 



2 ^° 
^ 00 



CT CT n, 

1-8-1 



CT 
P 
Cl 



cr. 
3- 



o ^ 



S-OQ 



p 
3 

O 

3 



CT 
3 
O 
CT 

" P 

:$ 



cr 

3 

CT* 
CL 

3 

CT 



0? 
o 

8 



IS- 
8 § 

t=o 3 

CO 

!> CT 

S S. 

cr ^ 
CT" 

3 P 

B3 CT 

OQ 3 
3 ^ 

3 3 

3 - 



•a 3 

3 OQ * 

1 5* a 

a ct p 
w 2 3 

p 

?§ 3 ' 

CT oq' p 
ft' £ a 
ft 2 cr 
cl « .g* 

M. ^1 

3 ^ P 
p ' S 

lis 



3' s 

^ II 

CT 11 

-P— ©' 

o 
a 

CT 



6' ft 



a I a. 



VO 
00 

p 
< 
o 



^20Q 



co ct cr 

r, e 8 o n 
g. s. s & g 



^ ft 

Cl-3- 

CO 

p o 



a 3 



£.8 



3 

o P 

8'S 

►O 0 
O 5-. 
co O 
2. 3 

cr oq 

i*_r ft 



CO p 



3 CT 

p cT p 

tO OQ CO 



vo S 
O 3. 



5 ft 
3 o 

B.s- 

ft CT 



N 2 

p a 



ft OQ 

cr 

p P 



ft ct 



3* 

CT 
£ Si 



a 
3 
g. 

^ ^ p o 



3 
3 

CT 

. . 3- 

^•cr.g 
c z » 

^ CT 

S ET 

3 0 CT 
«9» 



p 

ft o 



o 

vo 3 

00 , , 

& ^1 

CT q 



tO CT 

-P-X>- 
S 1 ET 
C g 
S? CT 
3 Cl 

£ S 
o 3 
& S 

CT 

IT"* 

4 1 

s. - 

cr. b- 
O n 

•"t 3 
P 3 

CT g" 

o 5 

^ ft 

.5 » 

CT 

Co 

3 w 
cr 



3 EV < 



ft ct cr 5 



co CT co W 



»->. cr ft 

3 CT Cl 



S g. 

cr >< 

ET g" 
S OQ 

3 p* 
o 

3 CT 



4-* 



Cl 
OQ p 

3 3 

ct 3 

OS 2 

>£t 3- 



I 

O 



0 



s 
5' 



r 
> 



a. 




' b P ° r-" 

6 3 E -5 ~ 

1st I 

S ^ t» 

oi O w 
<-» u 
g> o 

> 60 <L> 
« B B 



CO 

O 
o 



& 8 



T3 



> 43 ^< 

a> o a ^ w 
u > o - \S 
o £ .5 xi * 



s S x c « 



5 c 1u 



^ u, O h 
43 Uh > « £ *- 

u 3 „ tS 



«• > « c a b 

GO ^ O u O » 
C ^ CO d ^ 

& « S * S 
S?S B ~ s h 

2 8 8 a s g 

Cu "J o &Q u 

-.9 ?b"S| 
B 2 -S * I § 

* gif* 




U V « i s ti >< 

£ a 2 b a 8 a 

^ 8 | -a 

X a .tS « 

« — — 



tw w O 
O 43 cS 



- T3 

.3 js B «5 fa B 

a -a ° S js > !S 

S * a B 8 5 g 



B 

•S « B 



w>-fl .5* 

B J> 73 

'5 S g 



B WS* (J ^ C7 

3 n gJj'O ob 



O 

CO 

■c 
a 
E 



5 13 -o 

M ( g O 



'--^ag^^x S h -8 ^ .S H - S -S •« p 



■a B 



5 £ ~ 



T3 

8 



■a & « a "8 8 « b 2 g 



I -aS 8 i 8*8 

T3 *« C 2 5 cd 



B £ ft & g 2 _g 

B B 43 _W ^ ^ 43 

§ 2 » 



OH 

a co w Bw-S*a Bw 




'43 ^ 40 



3 a -a « b > 

cl o n « 43 ed -B 

aB o T3 ^ O cd 

_5 a, ^ oo bo- 

m « * * E 2 3 

«5 O ft g, 

43 O « g ,g . O S 



O m 




"2«l 

N u CD 
« 43 B 

eo 

2 ft ° w 

£ B g T 

~ 1 a) "-3 
60 43 ,3 
B O 

3 o 13 
TJ « o o 

y ^ 3 u 



cs a> B *tt 2 
.3 2 o ^ ° g 

2 > 43 « 



s ^ id § sill I if srl I & 



tB 

<L> O 

43 00 

- 2 




>3 **! 



rr 3* 

o p 



7T e 



ai - 



o 

VO g. 8, 



oo ; 



^ 5* " 

g 

to n 

■ 1 s 



S 5' 

a 

8 s " 




— r 

I 
I 

I 

9 
i 

6 

I 

Q 

--6 



II 



* b 

ft 3 
P CL 

& cr 

00 p 

3 §• 

a £ 

§-*° 

ft 



ft 3 
*0 O 

Q o 



C 
2. 

rv (TQ 
C « 

g | 

CL 3* 

3 

o q 

3 qg 

C: » 
to <E 

3- P 
ft O 



a O P* 

3 - 3 " 

3 « o 
o 



£ 5? 

II ^ _ 



05 C 
3^ 

£ 3 

ft &■ 
P c. 

CL 3 
~ 05 

3* 

en ^ 

8 ? 

s > 

3 c & 

2 ° 

3 n 

H p 

co £ 

ft 

ft* 3 
ft O 

a a. 

a* o 

p 

0 p 
rr p 

3 

1 8 

3 2- 



p 

< S? 
n> 

_. o 
cr p 

2. sr 

8 8 

P 

O a 

*-t CL 
P _~ 

CL O 

SC 8 



5' 3* 
£ p 



o> > 

SCO 
_ n> 
CL a> 
3 

3 

CD B 
^ "TJ 
II (§' 

P K> 

3 5 

O ft 
S* P~ 

§' 
3 11 



2" 35' ^ cr 



p o 

3* =- 

o ^ 

3 5* 

o g 

3 £ 

3 (» 

o cr 



9 >a 



* CL 

><sr 



• ^ O 
> ff • 

3 



p 



o 

p 

r p 

< CTQ 

O C 

" 3 

c. « 

O » 

3 ^ 



^ s 
§ I 
p a 



3 

p 

g. 

< 
o 

I 

qs. 

3 

O 
o 
p 

o" 



3 

qs. 
< 

3 
cr 



a O 
p >i 

CL o 

CO 

O P 

° 3 
3- < 

3. o 
cr. 5* 
p a 

CL 

5' 5* 

CO "* 

^ 3 
p 0i 

o 3 
n w 
3 C . 

CTQ 3 

^1 

III o 

cr « 

^ P 
3- < 

P % 



ro* 3 

3 P 
« — 

& C£ 

n c 
CL or 

CO 

p O 

&. o 

< CA 

o cr 

P 

3 P 
g ^ 

a s 

3 ^ 

co A 
p >-> 

o ^ 

3 3* 

co 5 

p p 
3 g 

££. 3 
3 &. 

X3 n 
cr 

< 3 
(D O 
3 3- 

cr o 

" o 

o 

>^ 
* s 




s 



On 




Is"? 



(3.5s .0? « 



ft) *"* 3 w ^ 

ft »«o ' 
« r 

- spiels 

^gf--2 3 * 2 j 



- s> 1 



K 3 8 k, 
H « B rt u; 

3-3 ll£ 



2 



mht 

CQ W CQ 



55 ■« _e* VJ > ^ ^ 



« 



*u u O . 1 

* "X •*! 

11 ll 



I is- 
asa.i. 

1 



11*1 si 

3 > gtfS 



of -o 



HI.! 



I 1 " 

a ea o . q . 
*'Pt?^ ft < 2 



"9 *3 *S -j 



33^ 



B1« 



* « 2 o 



g.5 gjjtttoo 
< < 



.S3 O * 



f si 



bin 



"ft* 5! 

^■5 "3 "I 



a* t--9 w § c 

5 «J w t3 13 m^k a ; 



i'3 




C/3 

< 
w 

O 

z 

H 

< 

Oh 



43 O 

^ u 

O o 

C G 

•2 a 

=* £ 

O 



* 2 3 



as 



1 b 

b0 



•S3 



ai 



4-1 w 



O 

S « 

>? * 

2 .2 

II 

> 

«J o 

^ c 
. o 

.5 B 
> o 

^ s 

C etf 



S 0 
g ^ 



CO 

a 

S 
o 
a 
u 

u 

■S O 
•c * 

1 « 

S 

2 2 

C & 



» 

O 

<u 
«: 
03 

^ o 
— 00 

2 S 

5 § 

^ -a 
^ c 

00 

C w 



s 
o 

D 

2 

I 

B 



^ «* a 

« .4) B 

^8 

J3 ^ a 

^ £ " c 

3 O c« 

S g e 



s 

o 
c 

2 

o 

O 

CO 

IS 
H 



O CO 

III 

Is § 

u o w 

s s « 



3 



3 

8' 2-3 
o 

C 3 



o 

S2. a* 



50 So 
5 W S 



' a* 



n;*3 1 



5.8 



Hc3 

;§'&§ 

111. 
■f SI- 

E.g. a. 
« 3- 2. 



o p 
y 1 ?i • 

r g.g J w 

u Son 

18.1 



**■ 3 rt 

03 ^ O 

w ST 



5 ?r ^ 

r. * 



C/3 



2; > « 



*o 2 p * 

3 § " §• 



o 

2. o c 

J-oS. 

5" 3 

3 _ 

2. vS 



III 

: goo 



O Q 

ffllp.s 



O 



p 

E. «> S3 f? £. ^ 



c ** 0^2 3'&- 



3-5 

E.SL 



< S 
-Cm a. 

viz 



n 

vo s 3 
^>5 

3"?s« 

M < ft. 

o • ^ 



00 to 



to 

is t* 



03 

3 5T§ ET 65 
3 &5 p n> c 



SIP' 



■si * 
if 5? 



O 



o 



a 



S 1.3 " 
- ?" S 

„ On ^ 



^ »-* o 



if 



1. 



c O 

3 3 

a. ^ 



3 » 



^ » O S- 

o a • 

5 3-Q 

2 3 
■n ft < I 



^3 



^1 

O O: ~ 2, 



1° 



O O jsi 



§=3 



— ON 



81-f 



~« so" Z 

S» 3*3 Cd'O 



O S 3 ^ 
3 2.W so 
. 3 $ I 6 

> &e ^ - 

1 ffi^. r: 



^2^3 ! 

S C o 3 

(ft t» O- V. 




3 DO O 

; 50&§ 5-Coc^p. 

■ i I 5 do ? 
3 * o a 0 g> 




"So 3.J3 



3 • g^g ^« 



»< p ^ 3 '-^ 
« & f> 3 3,' 



3 3> 3 w C tr 
s« -i ^ ° 3 ^ q 



X X 

g" S'g-B ® 



1 ^§ ° xo^g 



^ ^- £t « 



bails 1 ?! 



as o 




-mil* 



? ^S.T3- 6<K w5 §'S s 

18 EH 



03"* 



I ^ 2 P 5 . 



s» p 



" ^ oo C/5"3 K ,3' 
*< 3 hrt-^ ~ 



5>| 



CO Cu 3 O* 

xs-| e 

C. O. ^ 3 

2, ?!P-g.S 



O 3 *T3 3 3* 



3-0 
0Q 3 



w T3 
_ M 

o r> 




it i si' 

Os O 

5 £' 3 3 
^5*§-3- p c 

Sis K -vi B 
N> o 3 ST r 



8 



i i 

00 m ^ c 

77 CT^ sO ' 



r s»=p3 3 — Q w 3 etvoo 



■ — 9 = 

P§.|?S 

* S- (a a 3. 

^ £ O 3 3 

O g O 3 «. 
'Tw S » 3 



ON 



o' 
a? 

o 3 

< 3-* 

OO 

II 

3" 



8L r- D- SI W 



Ou ^ 

3: 00 s-» h v 



s2 
8 § 



£3 »3 



"si I 



13^; 

5 g 2 £ 

< ~ • _ a* 

o 3'^ S 

^. O 00 
a 3 ve 3 3 



8 ? I 

--log 

3 <-< M 



•Sri i-ssb s 

- ■« 2 ■ ff.. 3 • 



H 




rn 



< 



PC 
< 



I 

Q 

w 



a; 

IX 




a 55 I"? 



■LlillliJf 



tsos 



£3 5j.s ggs^B 

5 — u O — r ^ S .Si ^ 



3~" 

s *> 




OS 



O 

SI 

-1 



.3S 

•II 
if 

■a a 



IS* 



® w to 

.2? c £ 
C 5^ r 



2* 

•3* 
1:2 

2-2 



513 



o u 

C A 

to 

u 



32 P 



O tQ O S 

- e oo r-- > C 

JO ^voW u t-. 



o 

If 



Z5 



Is 



llf 11=111 J. 

0t a Ada 2 °o£ « 



S3 o & 



a: 



e.2 

'3>T3 



o "5 a 

«- s £ 

c ft. a: 

o . . 



'o 3 

o 



o 



■S3 



5 



2£ §■£ 5 
Cjt S3 




I- - 



¥ 

51 



w 3 C « S 
« _ ^ ^ c 




• ^* J3 » w 



".2 



33 



-dsn 



.a b 

(J ^> 



|.^|j ! Sls2.1l.-§ 



O 



JB.-9 8-S.- 
s : 



hum 



111 

<.2 — 



"3H u-o u 

2 o Beg 1 ' 



•s-a 8^ a? 



8 = 




S §k,u §s;o 



^< 2 £ Ji 5 

^ c £ « c c 

2 S 



S 69 » z 




o.Sk o-S S o 

s s s 




2 = 



33 

X) ^ 

o| 
a 

ON 

a, S 

ca rs 



it il 



c>xj 

"So 



MB 

3 



I 5 

la 

£3 



tiO. 



o a t« <5 S • 
r- a > 3 S ^ 

« o i s S rt 



2«o * o g ra 

HlJ^li ill 



3N^T3 (u ^ 13 n ■ « (U M P 



S^o O 

o ^ 

"I 



"8 J 



S SI si 

ill"! 

! 1F 




•Si 51 

•ciS T 2 



.3 41 S S 



i , . .2 



His" 

X! ' 
on - £ . 



I? Hill &:? 11 



' O On 



J hJ S 



X P H A *>U I' U » 




1i 

^ XJ m 

> 21 

O — 
U ^ X! 



ON ■ O) 



C/3 

s 

p 

p 
■< 



H 



I* 

3 

5 N 
R> 3 



-■OX" 



5- 2"ss 

^ 2. vo 
p Zj 



ST . P 



■i st IT 3 C »* P i £=* <t n n ff *-»> 



^ S>3* 



53 



& a 
Sir 



3 

60 o 
I:* 



<s 3 



pgjn 

Qs;? S 



3. . _ 



res 

3 ~-k>2 



» 1 



v< p 
or 



U) P ^ < 

CO 

Is? 

3 ^ 



Si B'R'we 
Sun f Lb 



i w — M ° O 




3 ^po^ 2. 
^2 ° 

"ton as 
Pox 




CO CO 



r a ^ g 



^ > > > ; 

|1 Jills in'slniKf I!? 

Ill fill' ?l ! s 



a r*?U I I J ? 5 i 

S QO 00 



o 

a g; I 

3 2. ! 
Iff. 



3 C 



I Sllll-llh-a-a* 

■ i " ff ss ?• a - E o ^ g § n g ^3 " 



r 



o 

2.- n 



n C tig 
EL 5 



3 -5 1 1 1 8 
I |S lis- 
- 

„. a- c 
^ n u> o 

rt O 3 




C 
Od 

s 

H 

t-H 

O 

m 
x 



TC 

iff 3b 1 0\ 



